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Aar  Force  Flight  Dynamics  Laboratory  (PTA) 
Wright  Patterson  AFP,  Ohio,  4S433 


The  basic  objective  of  the  vor\  reported  herein  was  to  provide  a  broader 
technology  base  to  support  the  development  of  a  medium  STOL  Transport  (MST)  airplane. 
This  work  was  limited  to  the  application  of  the  externally  blown  flap  (EBF)  powered 
lift  concept. 

The  technology  of  DBF  STOL  aircraft  has  been  investigated  through  analytical 
studies,  wind  tunnel  testing,  flight  simulator  testing,  and  design  trade  studies. 

The  results  obtained  include  development  of  methods  for  the  estimation  of  the 
aerodynamic  characteristics  of  an  DBF  configuration,  STOL  performance  estimation 
methods,  safety  margins  for  takeoff  and  landing,  wind  tunnel  investigation  of  the 
effects  of  varying  F.BF  system  geometry  parameters,  configuration  definition  to 
meet  MST  requirements,  trr'de  data  on  performance  and  configuration  requirement 
variations,  flight  control  system  mechanization  trade  data,  handling  qualities  char¬ 
acteristics;  piloting  procedures,  and  effects  of  applying  an  air  cushion  landing 
system  to  the  MST. 


From  an  overall  assessment  of  study  res"lts,  it  is  concluded  that  the  FJF  con¬ 
cept  provides  a  practical  means  of  obtaining  STOL  performance  for  an  MST  with 
relatively  low  r  sk. 
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ABSTRACT 


The  basic  objective  of  the  work  reported  herein  was  to  provide  a  broader 
technology  base  to  support  the  development  of  a  medium  STOL  Transport  (MST) 
airplane.  This  work  was  limited  to  the  application  of  the  externally  blown 
flap  (EBF)  powered  lift  concept. 

The  technology  of  EBF  STOL  aircraft  has  been  investigated  through 
analytical  studies,  wind  tunnel  testing,  flight  simulator  testing,  and  design 
trade  studies.  The  results  obtained  include  development  of  methods  for  the 
estimation  of  the  aerodynamic  characteristics  of  an  EBF  configuration,  STOL 
performance  estimation  methods,  safety  margins  for  takeoff  and  landing,  wind 
tunnel  investigation  of  the  effects  of  varying  EBF  system  geometry  parameters, 
configuration  definition  to  meet  MST  requirements,  trade  data  on  performance 
and  configuration  requirement  variations,  flight  control  system  mechanization 
trade  data,  handling  qualities  characteristics,  piloting  procedures,  and 
effects  of  applying  an  air  cushion  landing  system  to  the  MST. 

From  an  overall  assessment  of  study  results,  it  is  concluded  that  the 
EBF  concept  provides  a  practical  means  of  obtaining  STOL  performance  for  an 
MST  with  relatively  low  risk.  Some  iirprovement  in  EBF  performance  could  be 
achieved  with  further  development  -  primarily  wind  tunnel  testing.  Further 
work  should  be  done  on  optimization  of  flight  controls,  definition  of  flying 
qualities  requirements,  and  development  of  piloting  procedures.  Considerable 
work  must  be  done  in  the  area  of  structural  design  criteria  relative  to  the 
effects  of  engine  exhaust  impingement  on  the  wing  and  flap  structure. 

This  report  is  arranged  in  six  volumes: 


Volume  I 
Volume  II 
Volume  III 
Volume  TV 
Volune  V 


••  Configuration  Definition 
••  Design  Compendium 

-  Performance  iethods  and  Takeoff  and  Landing  Rules 

-  Analysis  of  Wind  Tunnel  Data 

-  Flight  Control  Technology 


Part  I  -  Control  System  Mechanization  Trade  Studies 

Part  II  -  Simulation  Studi.es/Flight  Control  System  Validation 

Part  III  -  Stability  and  Control  Derivative  Accuracy 

Requirements  and  Effects  of  Augmentation  System  Design 


Volume  VI  -  Air  Cushion  Landing  System  Trade  Study 
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Section  I 
INTRODUCTION 

The  externally  blown  flap  lift -propulsion  system  has  recently  evolved 
in  design  studies  of  advanced  short  takeoff  and  landing  (STOL)  aircraft. 
This  lift -propuls ion  system  is  attractive  because  it  generates  a  signifi¬ 
cant  amount  of  wing  lift  at  typical  STOL  speeds  while  it  is  not  as  complex 
as  other  lift -propuls ion  systems. 

Because  STOL  aerodynamic  data  for  this  lift-propulsion  system  are 
relatively  new  it  has  been  extremely  difficult  for  the  aerodynamicist  to 
estimate  effects  of  geometric  perturbations  that  are  normally  encountered 
during  preliminary  design  pliases.  It  is  therefore  appropriate  to  collect 
and  organize  the  basic  aerodynamic  information  into  a  manual  and  to  develop 
methods  of  estimation.  This  will  give  improved  credence  to  STOL 
performance  data  for  this  lift-propulsion  system  and  better  comparison 
with  the  }>erformance  of  other  lift-propulsion  systems.  To  provide  such 
a  manual  is  a  purpose  of  the  present  design  compendium. 

The  design  compendium  presents  methods  to  determine  the  power 
effects  on  lift,  drag,  pitching  moment,  downwash,  lateral  and  directional 
moments,  and  some  dynamic  derivatives.  The  methods  are  presented  for 
possible  inclusion  in  the  DA.TGOM  stability  and  control  handbook.  Incre¬ 
ments  due  to  power  are  given,  so  that  these  can  be  added  to  power  -eff 
data  from  existing  sections  of  DATCCM.  Occasionally,  when  insufficient 
data  were  available  to  generate  a  method,  some  guidelines  for  the  fairing 
of  curves  are  given. 

The  general  approach  used  here  is  based  on  jet  flap  theory  with  some 
empirically  guided  interpretations  in  application  to  the  externally  blown 
flap.  Although  the  jet  flap  theory  strictly  applies  only  to  inviscid, 
incompressible  flow  at  small  incidence  angles,  small  jet  turning  angles, 
and  a  thin  jet.  sheet,  surprisingly  good  agreement  i. .  found  with  experi¬ 
mental  data  where  these  conditions  are  rather  grossly  exceeded. 

The  data  and  methods  in  this  compendium  are  often  given  for  the  deter¬ 
mination  of  characteristics  at  zero  angle  of  attack,  rather  than  for  the 
angle  at  zero  lift  that  is  commonly  used  in  conventional  aerodynamics. 

The  zero  angle  of  attack  is  chosen  because  the  zero  lift,  angle  results 
in  extreme  negative  values  for  STOL  airplanes  in  the  power  mode.  These 
negative  angles  are  generally  unattainable  in  flight  because  of  flow 
separation  at  the  lower  wing  surface.  On  the  other  hand,  STOL  takeoff 
and  landings  are  often  made  with  angles  of  attack  relatively  close  to  zero. 
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Section  II 


MAJOR  CORRELATING  PARAMETERS 

The  forces  developed  by  flap  blcwing  are  functions  of  the  total  jet 
momentum,  the  turning  angle  of  the  jet,  and  the  geometry  of  the  wing-flap 
system.  The  jet  momentum  is  usually  expressed  as  ».  coefficient,  q* . 
and  in  conformance  with  jet  flap  theory  the  momentum  exiting  from  the  flap 
trailing  edge  is  used  in  estimation  methods .  Where  c>u  is  the  jet  nozzle 
momentum,  the  flap  exit  momentum  is  defined  as  rf^u,  where  is  an 
efficiency  factor  accounting  for  energy  losses  incurred  in  the  turning 
process.  The  turning  angle,  fi^  -is-the-effective^angle-  at  which  the  jet 
leaves  the  flap.  Derivation  of  these  parameters,  and  methods  of  estima¬ 
tion  are  discussed  bAlcw. 

2.1  BLOWING  COEFFICIENT 


The  lift  and  normal  force  at  forward  speed  appear  to  be  affected 
predominantly  by  the  ratio  of  the  energy  of  the  freestream  air  and  the 
energy  exhausted  by  the  blowing  nozzle,  as  well  as  bv  geometric  relations. 
The  energy  from  the  exhaust  nozzle  is,  expressed  in  terns  of  unit  exhaust 
volume: 


The  use  of  the  freestream  dynamic  pressure  q  -  1/2  ^  V2  to  nondimens iona 
lire  this  energy  yields  the  parameter 

tv1 


Herein,  (2jVj2  can  be  expressed  in  terms  of  the  nozzle  exhaust  thrust. 
Denoting  Tv  as  the  nczzle  exhaust  thrust  at  forward  speed,  and  introducing 
the  symbol  A\  as  the  nozzle  exhaust  area,  a  relation  between  £jVj2  and 
the  nozzle  thrust  is  obtains  as  follows: 

"t,  +  ApAj  2.2 


3 


'j - 


'<•**?* 


Herein  is  the  exhaust  pressure  differential  across  the  nozzle  exit, 
which  is  zero  for  unchoked  exhaust  typical  for  external  blowing,  a#  that 

_  Wai 

ev1  2«f 

or 

£i^U  =  2L_  /£_\ 

gv  <*s  VEA-J 


Because  for  a  given  configuration  the  value  of  -JL 
that  the  energy  ratio  is  proportional  to  C, , 

Z  ^  ^ 

=  CO^S+dnt  *  C^y 


is  fixed,  it  is  seen 


2.4 


where,  per  definition 


2.S 


The  validity  that  the  force  characteristics  correlate  with,  the 
energy  ratio,  i.e.,  the  blowing  parameter,  has  been  substantiated  by 
several  inves  dgations  wherein  engine  thrust  and  q  were  varied,  and 
held  constant. 

It  should  be  noted  that  Tv  is  the  exhaust  thrust  of  the  nozzle,  and 
not  the  net  engine  thrust.  The  net  engine  thrust  is  equal  to  the  ekhaust 
thrust  minus  the  intake  momentum  drag.  Only  the  exhaust  thrust  is  used  in 
this  section  because  it  is  assumed  that  only  the  energy  from  the  exhaust 
is  determining  the  airfoil  lifting  characteristics  from  blowing  regard¬ 
less  of  the  engine  inlet  flew  characteristics. 

The  exhaust  thrust,  ^generally  increases  slightly  with  increase  in 
speed.  Often,  the  increase  of  Tv  with  speed  is  not  quantitatively  known, 
and  therefore  only  the  static  thrust  is  taken  as  the  reference  thrust. 
Advantages  of  this  procedrre  lie  in  the  fact  that  the  thrust  used  it  a 
constant  which  makes  it  very  suitable  for  use  as  a  reference  and  no 
intake  momentum  drag  exists  in  this  condition.  Thus,  the  use  of  the 
definition  of  the  coefficient 

2.6 

is  favored,  where  T  is  the  static  thrust. 
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2.2  JET  TURNING  ANGLE 


i  ThLjet  tur?ing  e*  is  the  effective  direction  at  which  the  jet 

leaves  the  trailing  edge  of  the  flap  system  and  defines  the  direction  of 

!  a  -reaf10n  TCe  VeCt0T'  ^  Csee  Figure  ^  M  turning  angle 
and  reaction  force  components  are  determined  for  the  static  condition, 

since  the  effects  of  forward  velocity  on  these  values  are  k>t  known, 
and  would  be  very  difficult  to  define.  By  definition,  then: 


0  -  tan'1  FN/Fa 

%  *  static  normal  force 


2.7 


Fa  a  static  axial  force 
1/2 

fR  35  (%2  +  Fa2)  7  -  resultant  reaction  force.  2.8 
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2.3  EFFECTS  OF  FLAP  IMPINGEMENT  ON  JET  TURNING  ANGLE 


Direct  application  of  the  jet  flap  theory  to  the  externally  blown  flap 
would  assume  that  the  jet  turning  angle,  e,  is  equal  to  the  flap  deflection 
angle,  6p.  This  has  proved  to  be  a  good  assunption  for  the  case  where  the 
flap  system  captures  the  entire  jet  efflux;  however,  where  the  flap  inter¬ 
cepts  only  a  part  of  the  jet,  the  effective  turning  angle  will  be  less  than 
the  flap  angle.  The  following  section  presents  an  approach  to  estimating 
the  jet  turning  angle  for  externally  blown  flaps,  including  those  cases 
where  there  is  less  than  full  impingement  of  the  jet  exhaust  on  the  flap. 

Using  a  heuristic  approach,  it  was  assumed  that  the  effective  jet 
turning  angle  is  related  to  the  flap  angle  and  to  the  portion  of  jet 
momentum  that  is  intercepted  by  the  flap.  Following  this  reasoning  cor¬ 
relations  were  made  of  experimental  values  of  jet  turning  angle  as  a  function 
of  flap  angle,  e/6p,  and  the  extent  of  flap  penetration  into  the  jet.  The 
results  of  these  correlations  are  shown  in  Figures  3  through  5  for  various 
types  of  flaps  and  wing  sweep  angles.  In  these  figures  the  extent  of  flap 
penetration  into  the  jet  is  given  in  terms  of  the  ratio  Zp/R,  where  Zp  is 
the  distance  that  the  flap  penetrates  into  the  jet,  and  varies  in  value 
from  -R  to  +R  as  the  flap  traverses  the  entire  jet.  The  definition  of  this 
parameter,  Zf/R,  is  illustrated  in  Figure  2.  The  value  of  the  radius,  R, 
of  the  jet  at  the  location  of  the  flap  trailing  edge  can  be  estimated  by  the 
relation: 


R  .  ,  x/Dj 
D^/2  2.3 


Figure  2.  Definition  of  Inpingemenl  Parameter 
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where  Dj  is  the  diameter  of  the  exhaust  nozzle,  and  X  is  the  distance  of  the 
flap  trailing  edge  behind  the  nozzle  exhaust.  Figure  2.  The  effective 
source  length,  2.3  Dj,  used  here  is  based  on  a  jet  expansion  envelope  where 
the  jet  velocity  is  essentially  zero  at  the  edge  of  the  jet  wake  profile. 

Other  definitions  such  as  ere  percent  or  five  percent  of  the  maximum  jet 
velocity  could  be  used,  which  would  only  change  the  scale  of  the  Zp/R 
parameter.  Only  an  average  spreading  angle  is  used  here,  although  according 
to  Ribner,  Reference  7,  the  spreading  depends  to  some  extent  cn  the  thrust 
coefficient. 

The  data  from  these  correlation  plots  Figures  3  through  5,  were  used  to 
develop  a  set  of  design  curves,  shown  in  Figure  6,  for  estimating  jet 
turning  angle  values.  These  d-'-ign  curves  represent  envelopes  of  the  better 
performance  data  from  the  individual  correlation  plots.  The  data  correla¬ 
tions  have  considerable  scatter  resulting  from  non- optimum  flap  geometry  and 
variations  in  experimental  technique.  However,  values  of  jet  turning  angle 
fran  these  design  curves  have  been  used  in  substantiation  calculations  of 
the  methods  for  prediction  of  aerodynamic  characteristics  of  externally 
blown  flaps  in  later  sections  of  this  report,  with  generally  very  good 
results  (Section  III,  IV  and  V). 

It  is  noted  in  the  design  curves.  Figure  6,  that  the  only  flap  geametrv 
parameter  that  appears  is  the  number  of  flap  segments  (double  and  triple 
slotted  flaps).  Other  variables  such  as  wing  sweep,  and  perhaps  aspect  ratio, 
would  be  expected  to  influence  the  jet  turning  angle.  However,  the  effects 
of  these  other  variables  are  evidently  of  lower  order  and  are  lost  in  the 
data  scatter. 

Separate  curves  are  shown  for  data  with  jet  deflectors.  These  devices 
have  been  tested  in  several  investigations  and  found  to  improve  the  lift 
augmentation  of  externally  blown  flaps  (References  4,  8,  16,  20).  These 
deflectors  are  sinple  flat  plates  that  deflect  the  jet  exhaust  upward  to 
increase  the  degree  of  impingement  of  the  jet  on  the  flap.  In  effect  the 
deflectors  are  increasing  the  impingement  ratio,  Zp/T.,  which  has  been  shown 
above  to  influence  the  effective  jet  turning  angle. 

For  purposes  of  predicting  the  effectiveness  of  jet  deflectors,  the 
procedure  described  above  utilizing  the  inpingement  parameter,  can  not  be 
used  directly  since  the  deflectors  change  the  characteristic  shape  of  the 
jet  expansicn  envelope  in  sere  undefined  manner  so  the  impingement  ratio 
of  the  deflected  jet  is  not  known.  However,  results  of  tests  of  deflectors 
from  the  referenced  tests  have  provided  effective  turning  angle  data  as 
shown  in  Figures  3  through  5,  which  are  shewn  as  a  function  of  the  impinge¬ 
ment  ratio  of  the  undeflected  jet,  which  can  be  determined. 

The  available  data  on  the  effectiveness  of  jet  deflectors  in  terms  of 
effective  jet  turning  angle  have  been  stmaarized  in  Figure  6.  Here,  a 


reccomended  design  curve  for  EBF  systems  utilizing  jet  deflectors  is 
presented  as  a  function  of  the  inpingement  parameter  of  the  undeflected 
jet.  As  indicated  by  this  plot,  there  is  no  distinguishable  difference 
between  the  effectiveness  of  double  or  triple  slotted  flaps  when  utilizing 
the  deflector.  Ihe  procedure  for  estimating  the  effective  jet  turning 
angle  with  deflectors  is,  then,  to  define  the  impingement  ratio  of  the 
undisturbed  jet,  as  described  above,  and  then  utilize  the  design  curve 
labeled  'Vith  jet  deflectors." 

Ihe  effects  of  engine  location  relative  to  the  flap,  and  the  effects 
of  nacelle  incidence  and  nozzle  deflection  are  all  accounted  for  in  this 
use  of  the  impingement  parameter. 

Test  data  show  nearly  complete  jet  turning  with  flap  immersion  of 
Zp/R  >0.65  except  for  cases  where  flow  separation  over  the  flaps  is 
suspected.  It  is  concluded  then,  that  in  the  design  of  the  propulsion  - 
lift  system  that  the  design  goal  should  be  to  attain  impingement  of  at 
least  Zp/R  *  0.6  for  high  lift  performance. 

Those  data  that  fall  significantly  below  the  design  curves  are  in 
some  cases  extreme  flap  angles  (75°  to  95°)  which  apparently  did  not  have 
proper  blowing  to  maintain  flow  attachment,  and  in  other  cases  rather 
unconventional  flap  segment  arrangements  which  evidently  resulted  in 
separation.  In  view  of  these  results  it  would  probably  be  prudent  to  not 
apply  these  methods  to  flap  angles  exceeding  65°  unless  experimental 
verification  can  be  obtained. 
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2.4  JET  TURNING  EFFICIENCY 


In  applying  the  relationships  of  jet  flap  theory  to  the  externally 
blown  flap,  the  blowing  momentum  leaving  the  flap  trailing  edge  should  be 
used.  This  exiting  momentim  is  defined  as  ,  where  the  factor 

accounts  for  all  of  the  losses  in  the  jet  turning  process.  The  turning 
efficiency  can  be  determined  from  static  tests,  where  it  is  defined  as: 

n  =  f\</t  2.10 

where  Fr  *  (Fn2  + 

*  static  normal  force 
F^  »  static  axial  force 
T  *  nozzle  thrust 

It  would  be  expected  that  the  turning  losses  would  depend  on  the 
degree  of  turning  and  the  details  of  the  flap  geometry. 

For  use  in  prediction  methods,  data  correlations  have  been  made  of 
the  turning  efficiency  versus  effective  turning  angle  where  effects  of 
the  number  of  flap  slots  (single,  double,  triple),  and  cf  wing  sweep  are 
apparent.  Considerable  scatter  in  the  test  results  exist:-  which  no  doubt 
is  due  to  details  of  slot  gaps,  various  amounts  of  separatim  on  the  flap 
segments,  differences  in  flap  segment  contours,  and  experimental 
techniques  (Figures  7  through  10).  Curves  have  been  established  on  Figure  11 
for  design  use  which  are  considered  to  be  representative  of  better  designed 
externally  blown  flap  systems. 
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Figure  7.  Jet  Turning  Efficiency  for  Double  Slotted  Flaps  -  0°  Sweep 
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Figure  11.  Jet  Turning  Efficiency  -  Design  Curves 
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Section  III 
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Adaptation  of  these  methods  for  the  jet  flap  to  the  case  of  the  exter¬ 
nally  blown  flap  is  based  on  the  following  considerations:  The  lift 
increment  due  to  power  is  estimated  by  the  jet  flap  methods  and  added 
to  the  power-off  lift  of  the  wing  with  flaps  deflected;  ;\n  calculation  of 
the  lift  due  to  jet  deflection  the  sine  of  the  turning  angle  is  used 
rather  than  the  angle,  since  the  theory  wa~  developed  on  the  basis  of 
small  angles  for  which  sin  8  0;  the  aspect  ratio  correction  factor 

which  is  based  on  elliptical  spanwise  distribution  of  blowing,  is  not 
strictly  applicable  to  the  concentrated  blowing  technique  of  the  EBF, 
but  its  use  gives  better  results  than  the  unpowered  factor,  A/ (A  ♦  2); 
the  thickness  correction  factor  is  applied  to  the  entire  lift  increment 
due  to  power  rather  than  excluding  the  direct  jet  lift  which  results  in 
a  small  discrepancy  with  the  theory  but  improves  the  experimental  corre¬ 
lations  and  simplifies  the  calculations. 

With  the  above  considerations,  the  expression  for  the  lift  increment 
due  to  power  for  an  externally  blown  flap  airplane  is: 

(ACL)pL  -  F(1  ♦  §)  [x  (CLe)  „  sin  9  *  M  (eg  „  oc]  J.4 

It  is  more  convenient  to  treat  the  total  lift  increment  due  to  power  in 
its  conponents  due  to  jet  deflection  and  angle  of  attack: 

(AQJpi  “  (ACL)q  +  3.5 

(4CL)e  -  F  (1  ♦  |)  X  (CLq)  ^  sin  0  3<6 

(ACLg  -F  (!♦§)  p  (CL^OC  3.7 

Further  development  of  procedures  for  calculating  these  lift  increments 
is  given  in  Sections  3.2  and  3.3.  A  discussion  of  the  geometrical  para¬ 
meters  involved  in  these  calculations  is  given  in  the  next  section. 
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3.1  GEOMETRIC  PARAMETERS 

v  .  Sneth°dS  °f  estimation  in  the  following  sections  make  use  of 
various  geometrical  parameters  which  will  be  defined  here. 

3.1.1  FLAP  DEFLECTION  ANGLE 

The  flap  deflection  angle,  £  p,  as  used  herein  for  under  the  wing 
owing  is  defined  as  the  angle  from  the  wing  reference  plane  to  the  bi¬ 
ff* /tf  thC  tTailing  Segment  of  the  flaP-  For  over  the  wing  blowing 
fglf.ls  ^ken  from  the  wing  reference  plane  to  the  upper 
surface  of  the  trailing  edge  of  the  flap.  These  angles  are  illustrated 
m  rigure  12. 


Figure  12.  Definition  of  Flap  Deflection  Angle 
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3.1.2  ASPECT  RATIO  FACTOR 

given*ta^fS^M'?iUtiC!l  f0r,th?  *sp*ct  rati0  cwnctlcn  factor,  F, 
given  in  Reference  (12),  and  replacing  with  ,  is: 

p  ** _ ^  "t,  j*  Q  Ccc|J^]p _ 

A  +  2-  +  0-  koy  (n  C  )'*■  *  olna  n  ci 

where  C^_  is  the  sectional  thrust  coefficient  *  \  , 

Figure  ?lthiS  faC£°r  f0T  various  valu“  °f  A  «4  is  shown  in 

For  the  case  of  part  span  flaps,  the  aspect  ratio  is  taken  as  that 
or  the  wing  excluding  half  of  the  area  outboard  of  the  flaps. 

3.1.3  EFFECTIVE  WING  AREA 

The  effective  wing  area,  S’,  is  defined  as  the  area  of  the  win* 

UWf  Stati0R  *nd  aitboard  station  of  «»•  &«P  (see  Figure 

f4)‘  1  ?ewin«hM  P*1*  »P®  fl*P«  the  effective  wing  am  includesW 

0Utb°ard  f  ^  fl*P*-  definition  was  derived  from 
consideration  of  pressure  data  from  Reference  (14) ,  which  shows  carry 

°ZTn^QA  W1^  ™tboar?  °f  **  flap  of  31)01,1  on<y  half  the  loading 
rfSe2wd.?°  ?  Wlng*  Use  °f  this  definition  in  estimating 

characteristics  of  part  span  configurations  has  produced  good  correla¬ 
tions  with  test  data  (see  Section  3.8).  (NOTE:  Limited  data  for  u>per 
surface  blowing  configurations  indicate  that  only  that  portion  o*  ttoT 
is  111  ^  exhaust  flw  should  be  included  in  the  de- 

S  !°n  y**1,  surface  blowing.  For  exanple,  S'/S  for  the 
configuration  of  Reference  22  is  approximately  0.5.) 

3.1.4  MEAN  AERODYNAMIC  CHORD  OF  EFFECTIVE  WP"  £A 

4woloped  chon*  1*n*th  wlth *•  «**» 
cornered1 tl  f SJ  SS  ^  ^  ^  th.  brelc  win,.  T, 

3.1.5  WING  THICKNESS  RATIO 

th.  ratf0>  ^c>  is  taken  “  *>*•  thldow.  ratio  of 

uie  MAC  of  the  flapped  portion  of  the  wing. 
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Figure  13.  Aspect  Ratio  Correction  Factor 

23 


LV&ViVtAe-fcEfiSSfc  >  "r»  ®M  S(W'- 


-S  -  FLAPPED  UV//V6  At 
PLUS  !/z  APtA 
QUTQGAPP  of 
v~  FLA  P  — 


gg 


pffpcti  i/r  _ 

CAKpV  OVEP 

appa 


Figure  14.  Eff 


*/Vdrr; 
lphqth  op  cF 
is  THE" 
op  1/  flop  pv 
Chops  lPsjc  tp 


Figure  15,  Definition  of 


3.2  LIFT  AT  ZERO  INCIDENCE 


by.  <n“  lift  increinent  to  power  at  zero  angle  of  attack  is  defined 

(ALL)8  “F{1^  \  OCl/30)^  sin  0  3  6 

where  F,  ,  t/c,  and  0  have  been  defined  in  previous  sections,  and 

A  *  S'/S  »  area  ratio  defined  in  Section  3.1.3 

=  two-dimensional  lift  due  to  jet  turning  angle. 

?APlCVf  (2CL^yi^  “  defined  1x1  Reference  flO)  is  shown  in  Figure 
16.  The  curve  for  cf/C  »  0,  corresponding  to  a  pure  jet  flap,  should  be 

^es®  es^tio;j  procedures.  An  approximate  interpolation 
formula  for  the  Cf/c  -  0  case,  giver  in  Reference  (1.1)  is,  substituting 
t  P"  f*'  * 

OCl/ 6>0)oO^tri^C^  jl  ♦  0.151(^CJj.)1/2  +  0.139  11/2 

^  J  3*9 

where  C'^  ,  again,  is  the  sectional  thrust  coefficient  »  C  ^  (S/S'). 

NOTE:  The  power-off  increment  of  lift  due  to  flap  deflection  can  be 
included  in  the  methods  of  estimation  by  using  the  relation  of 
JW  3  8)0°  as  a  function  of  flap  chord  as  shown  in  Figure  16. 

In  this  case  the  ratio  of  flap  chord  to  wing  chord  should  be  de- 
flaP-extended  condition.  The  lift  increment  calcu- 
lated  by  this  method  should  be  added  to  the  flaps -up,  power-off. 

if*  to  at  OC*  o*.  It  is  believed,  however,  that 

other  methods  of  estimation  of  the  power-off  lift  due  to  flap 

deflection,  such  as  QATCCM,  or  wind  tunnel  data,  will  give  better 
accuracy.  6 

expression  here  for  (ACjJq  was  developed  from  a  small  angle 
theory,  however,  it  is  used  herein  for  jet  turning  angles,  0,  exceeding 
one  radian.  It  is  therefore  believed  to  be  more  appropriate  to  use  * 
sin  0  rather  than  0  in  the  use  of  these  expressions.  This  substitution 
has  been  made  m  all  subsequent  calculations. 

It  is  more  convenient  in  the  pitching  moment  calculations  to 
separate  the  components  of  the  lift  increment  at  zero  incidence  into  the 
thrust  reaction  term,  rjC^sin  0,  and  the  circulation  lift  ccx  ^onent 


"1TA:r'  ffv  T  w\yin».  fvt*- 


*  TTP^B  t*V 


(&Cl)q  “  (ACJp  ♦  r^Cp.  sin  ®  3,10 

then  (ACjJ^  «  (ACl)q  -  ^Cj*  sin  0 

-  F (1  ♦  t/c)  X  (Cl#)^  sin  0  -  C  ^  sin  0  3,11 

It  should  be  noted  that  the  factor  F,  and  the  two  dimensional  Clq 
are  based  on  the  sectional  blowing  coefficient,  r^C  ’u-  .  The  thrust” 
reaction  term  represents  a  discrete  force  and  is  defined  by  the  blowing 
coefficient,  C  u.  ,  based  on  the  wing  reference  area,  and  the  static  values 
of  Yl  and  0. 

Comparisons  are  shown  in  Figure  17  of  estimated  and  experimental 
values  of  (AQJe  for  a  range  of  model  configurations.  The  results 
show  reasonably  good  agreement,  being  better  than  +10  percent  in  most 
cases.  The  lift  estimation  is  quite  sensitive  to  the  parameters  n  and  0, 
so  these  must  be  determined  as  closely  as  possible.  As  discussed  in 
Section  II,  the  methods  presented  here  for  estimating  lf\,  and  0  tend  to 
represent  well  designed  li 't  systems  that  produce  good  performance; 
whereas  some  of  the  wind  tunnel  models  used  in  these  correlations  per¬ 
form  below  average. 

It  should  be  noted  in  these  correlations  that  in  those  cases  where 
the  nozzle  thrust  was  inclined  relative  to  the  wing  to  improve  impinge¬ 
ment  on  the  flap,  the  measured  lift  data  were  corrected  for  the  downward 
thrust  reaction  force  by: 

(AQJgj^p  *  ^^i^0MEAS.  cT  T 


where  dp  is  the  angle  between  the  nczzle  centerline  and  the  reference 
plane. 
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3.3  LIFT  DUE  TO  ANGLE  OF  ATTACK 


The  powered  lift  increment  due  to  angle  of  attack  is  estimated  by: 

(^■c0)c<  =  If  C'+W  6^1- AOoo"]  °<  3.7 

where  F,^0  and  t/c  have  been  defined  in  previous  sections.  The  correc¬ 
tion  factor  for  partial  span  blowing,  V*  ,  from  Reference  (12),  is: 

V  =  +  (i  ■ -  s>s )  zr/( 3.12 


This  function  is  plotted  in  Figure  18. 


( bCi/  bo<  )<*,  *  two  dimensional  lift  due  to  angle  of  attack  (Reference 
(10)).  A  plot  of  (£Cl/c)o<  )oo  versus  Y\e^.  is  shown  in  Figure  16. 

An  approximate  analytical  expression  from  Reference  (11),  again  sub¬ 
stituting  for  CAA,  ,  is: 


0.  diq  rj 


c 


3.13 


This  procedure  is  of  course  limited  to  the  linear  range  of  lift 
with  angle  of  attack.  The  extent  of  the  linear  range  is  strongly  depen¬ 
dent  on  leading  edge  treatment,  arid  varies  also  with  flap  deflection, 
thrust  coefficient,  aspect  ratio,  and  sweep. 

Correlations  of  estimated  versus  experimental  values  of  the  lift 
curve  slope  as  defined  by  (kiC u)^/4<.are  shown  in  Figure  19  for  a  wide 
range  of  test  configurations.  It  appears  that  on  the  average  the  method 
of  estimation  slightly  over-estimates;  the  value  of  the  lift  curve  slope, 
although  the  agreement  is  within  +10  percent  for  nearly  all  of  the 
data. 
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3,4  TOTAL  LIFT  ESTIMATION 


The  reccnnended  procedure  for  estimating  the  lift  coefficient  is  to 
determine  power-off  lift  at  zero  angle  of  attack  by  other  conventional 
methods  of  estimation;  then  add  the  power  effects  die  to  jet  turning, 
angle  of  attack  and  nozzle  incidence: 


CL  "  (cl)b  +  ^COe  *  (AC^)^  -  CA  sin  S  t  3*14 

where  detailed  description  of  the  lift  increments  are  given  by: 

(ACl)q  from  Section  3.2 
(ACj^from  Section  3.3 
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3.5  MAXIMUM  LIFT  COEFFICIENT 


A  relationship  for  the  maximum  lift  coefficient  of  a  two-dimensional 
wing  with  a  jet  augmented  flap,  based  on  the  maximum  lift  of  the  unflapped 
wing,  and  assuming  a  leading  edge  stall  for  both  wings,  is  given  by  D.N 
D.N.  Foster  in  Reference  (15),  as. 


3.15 


where,  in  the  nomenclature  of  Reference  15,  C^^  is  the  maximum  lift 
coefficient  of  the  unflapped,  unaugmented  wing;  CjjvfAX  6  Cp  n^i" 

mum  lift  coefficient  of  the  wing  with  flap  deflected  and’ jet  augmentation; 
aCl6  £  is  the  increment  of  lift  due  to  flap  deflection  and  jet  augmenta¬ 
tion;  and,  ACj^  is  the  increment  of  lift  due  to  jet  augmentation  only, 
with  the  flap  already  deflected 

The  increment  in  maximum  lift  coefficient  due  to  flap  deflection  and 
jet  augmentation  is,  then: 


SiAX.  SlAX 

°>  c 
CU 

1/2  [aCl  +  1/2  ACL 

L  6,  Cp  Cp_ 


by  definition  AC, 


6,  C 


-  AC.  +  AC. 
L  6  L 


C, 


so 


(v)s  c 

<5,  C, 


=  1/2 


»  1/2 


^  >ACi  1/2 ACl 


■uj 


AC  ♦  3/2  AC 

6  c, 


3.16 


3.17 
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Now  according  to  Reference  24, the  increment  in  maximum  lift  coefficient 
due  to  flap  deflection  cnly  is  equal  to  one-half  the  increment  in  lift  at 
constant  angle  of  attack  due  to  flap  deflection: 


[\m). 


1/2  iCL, 


So,  defining  33  tiie  in  maximum  lift  coefficient  due 

to  jet  augmentation  oily,  with  the  flap  already  deflected: 


(^c,  (^l, 

=  1/2 (a C.  +  3/2 AC.  1  -  1/24C. 

L ^  cj  L< 


3/4aCt 


In  the  derivation  of  in  Reference  IS,  the  term  4Cl^  is  defined  as 
the  increment  in  lift  diieto  jet  augmentation  at  "constant  angle  of  attack, 
and  is  then  further  interpreted  as  being  ata=  0.  However,  it  is  believed 
that  the  value  of  (A&^c  to  be  used  here  should  be  defined  at  the  angle 
of  attack  for  stall  with  flap  deflected  and  with  blowing,  as  suggested  by 
Moorhouse  in  Reference  23.  Tne  reason  for  this,  an  which  the  analysis  of 
Reference  15  is  based,  is  that  the  leading  edge  loading  of  a  blown  flapped 
wing  is  the  same  as  that  of  an  unblown  flopped  wing  when  the  of  the 
unblown  wing  is  equal  to  CL  -  3/4  (AC'l)c^  of  the  blown  wing. 

In  applying  this  approach  to  the  estimation  of  Cn..y  for  the  finite 
aspect  ratio  case,  it  is  reasoned  that  the  (ACg)cu  ttseain  the  calculation 
should  be  the  two-dimensional  value,  since  it  is  the  section  loading  that 
determines  Cl^.  However,  it  is  usually  the  three-dimensional  data  that  are 
available,  soothe  three-dimensional  value  of  (ACfJcp  should  be  modified  for 
aspect  ratio  by  the  factor,  1/F.  This  procedure  was  first  suggested  by 
McRae  in  Reference  24, 

The  maximum  lift  increment  due  to  flap  blowing  for  the  finite  aspect 
ratio  case  is  then: 


w 


Now  since  the  value  of  c»m\x  is  not  known,  the  above  expression  has  been 
defined  in  terms  of  known  values,  based  or,  the  simplified  lift  curves 
illustrated  in  Figure  22: 

fC  )  u  3/$FJ[(aCl)6  $  ’  (cL)po»a«  0  +  5t 

MAXPL  i.JLU-fl  3.2 


■  _ 


where:  0 


(CLa  )P0 

CI-a 


and  -Cji  sin  6^  is  a  correction  to  Cl^,  for  those  EBF  systems  which  incorporate 
jet  nozzle  incidence  to  improve  lift  augmentation. 

A  correlation  of  experimental  data  versus  estimates  using  equation  3.2.1 
has  been  made  representing  many  variations  of  aspect  ratio,  sweep  angle,  flap 
configuration,  blowing  coefficient,  and  leading  edge  devices.  The  results 
show  a  fairly  consistent  underestimation  of  ACn  of  about  IS  percent. 
Application  of  a  multiplying  factor  of  1.15  to  the  first  term  of  equation 
3.2.1  was  found  to  bring  the  data  into  reasonably  good  agreement,  as  shown 
in  figure  20,  although  it  caused  the  upper  surface  blown  data  to  spread.  The 
resulting  expression  for  estimation  of  for  EBF  systems  is,  then: 

^{[1.15  (ACL)f*-  (COpo^.0  (!-♦)]  * 

4F  3.22 


It  should  be  remembered  that  this  relation  assumes  similar  type  stall  for 
both  power  on  and  power  off,  which  is  often  not  the  case  for  powered  lift  wind 
tunnel  tests. 


It  has  been  found  from  test  data  correlations  that  an  adequate  approxi¬ 
mation  for  the  estimation  of  AC i is: 


*  1/F  (Aty  -  CM  sin  dT 


3.23 


This  expression  is  much  more  amenable  to  quick  "hand  calculated"  estimations, 
and  gives  equally  good  correlation  with  test  data  as  the  relation  given  in 
equation  3.22. 
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Figure  21.  Correlation  of  Due  to  Power  According  to  Equation  3.23 
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3.6  ANGLE  OF  ATTACK  K)R  MAXIMUM  LIFT 


The  change  in  angle  of  attack  at  maximm  lift  due  to  jet  augmentation 
can  be  estimated  using  the  characteristics  of  idealized  lift  curves  as 
illustrated  in  Figure  22,  and  the  relations  for  CcLj^)pL  °*  ^  previous 


section. 


MmAX  =  CCWPL  '  (CL)a=  0  -  CCWpo  ~  (Cl)PO,  a  «  0  3<24 

CcLa)po 


La 


Figure  22.  Definition  of 

The  angle  of  attack  at  maximum  lift  power  on  is  approximated  by: 


“MAX  ■  (Wpo  *  taa)MAX 


3.25 


A  correlation  of  estimated  and  experimental  data  is  shown  in 
Figure  23.  Reasonably  good  agreement  is  observed, with  same  notable  excep¬ 
tions.  Again,  the  theoretical  approach  |ssunes  a  similar  type  of  stall 
for  both  the  power-on  and  power-off  case^,  whereas  examination  of  wind 
tunnel  test  results  indicates  obvious  variances  in  the  type  of  stall  for 
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different  values  of  the  blowing  coefficient.  When  this  condition  exists 
agreement  can  not  be  expected  between  estimated  and  experimental  data.  It 
would  be  expected  that  the  estimated  values  of  cimAX  would  be  in  better  agree¬ 
ment  with  flight  test  results  of  a  well  designed  hall  scale,  EBF  system,  than 
with  wind  tunnel  results  of  small  scale  models. 
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3.7  EFFECTS  OF  ASPECT  RATIO 


The  theoretical  aspect  ratio  correction  factor,  F,  discussed  in 
Section  3.1.2  was  developed  on  the  assumption  that  the  jet  blowing  was 
distributed  elliptically  spanwise.  In  the  case  of  the  externally  blown 
flap  the  blowing  is  concentrated  at  the  engine  nozzle  and  the  lift 
distribution  peaks  in  the  vicinity  of  the  thrust  centerline,  which  violates 
considerably  the  assumptions  under  which  the  aspect  ratio  factor  was 
derived.  However,  better  results  are  obtained  by  using  the  aspect 
ratio  factor,  F,  than  are  obtained  by  using  the  power-off  factor. 

A/ (A  +  2) . 

Experimental  data  from  Reference  (13),  shown  in  Figure  24,  illus¬ 
trates  a  negligible  effect  in  varying  aspect  ratio  by  40  percent.  Esti¬ 
mated  values  of  lift  increment  due  to  blowing  for  these  same  model  con¬ 
figurations  show  a  larger  predicted  effect  of  aspect  ratio  than  that 
observed  in  the  test  data.  The  error  in  lift  increment  is  not  large, 
but  these  results  indicate  that  the  aspect  ratio  factor  better  accounts 
for  the  spanwise  loading  effects  at  aspect  ratio  7  than  at  10. 

The  comparison  of  experimental  effects  of  aspect  ratio  with  the 
theoretical  prediction  indicates  that  as  the  blowing  coefficient  is 
increased  the  effective  aspect  ratio  is  decreased.  This  trend  would  be 
expected  due  to  higher  loading  of  the  inboard  portion  of  the  wing  span 
with  the  higher  blowing  coefficients  and  with  the  typical  EBF  configura¬ 
tion. 


It  is  believed  that  an  aspect  ratio  correction  factor  could  be 
developed  based  on  loading  distributions  more  typical  of  EBF  systems, 
which  would  more  accurately  predict  the  aspect  ratio  effects  on  powered 
lift.  However  the  factor,  F,  used  herein  is  recommended  for  prediction 
methods  until  improved  factors  can  be  developed. 
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3.8  EFFECTS  OF  FLAP  SPAN 


Investigation  of  the  effects  of  varying  flap  span  on  the  lift 
augmentation  due  to  flap  blowing  has  shewn  that  use  of  the  effective  wing 
area,  S',  as  defined  in  Section  3.1.3  adequately  accounts  for  flap  span 
variations.  As  discussed  in  Section  3.1.3,  available  pressure  data  from 
Reference  14  indicate  that  the  circulation  lift  due  to  blowing  on  externally 
blown  flaps  extends  over  the  entire  span  of  the  flaps,  regardless  of  the 
spanwise  placing  of  the  engines.  Analysis  of  tire  pressure  data  in 
Reference  (14)  shews  that  the  carryover  loading  on  the  wing  area  outboard 
of  the  75  percent  span  flap  is  about  one -half  of  that  on  the  flapped 
portion  of  the  wing.  This  observed  characteristic  would  obviously  not  hold 
for  extreme  variations  from  the  test  configurations,  but  it  is  believed  to 
be  a  valid  assumption  for  reasonable  STOL  configurations. 

The  effects  of  flap  span  are  thus  included  in  the  lift  calculation 
through  the  dependency  of  the  effective  area,  S',  and  the  effective  aspect 
ratio,  on  flap  span.  The  correlation  plots  of  lift  ata=  0,  Figure  17, 
and  CLa,  Figure  19,  show  equally  good  correlation  of  the  part-span  data  as 
that  of  the  full-span  data. 

Two  sets  of  data  were  available  (References  13  and  14)  where  all  model 
geometry  except  the  flap  span  was  held  constant.  Ihese  models  were 
tested  with  both  full  span  and  75  percent  span  flaps.  Results  of  these 
tests  are  shewn  in  Figure  25.  It  is  seen  that  the  test  data  follow  the 
trend  of  the  estimated  variation  of  lift  with  flap  span  ratio,  although 
the  absolute  level  of  the  zero  sweep  data  is  underestimated. 
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Figure  25.  Correlation  of  Effects  of  Flap  Span  an  Lift  due  to  Power 
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3.9  EFFECTS  OF  WING  SWEEP 


In  the  present  methods  of  estimation  of  lift  augmentation  due  to  flap 
blowing  the  effects  of  wing  sweep  appear  only  in  the  jet  turning  efficiency, 
n,  as  seen  in  Figures  7,  8,  and  11.  Figure  11  shews  only  a  modest  effect  of 
sweep  except  for  the  zero  sweep,  double  slotted  flap  case,  which  exhibits 
a  markedly  reduced  efficiency.  Referring  to  Figure  17  where  estimated  and 
experimental  values  of  zero  incidence  lift  are  compared  it  is  seen  that  the 
lift  data  for  the  unswept  wing  with  double  slotted  flaps  are  generally 
underestimated. 

It  is  possible  that  the  turning  efficiency  data  for  the  zero  sweep  wing 
which  were  taken  from  References  8  and  14,  reflect  some  experimental 
technique  which  is  not  consistent  with  the  other  tests.  Further  tests  of 
other  models  with  low  wing  sweep  values  should  be  made  to  investigate  the 
turning  efficiency  of  double-slotted  flapped  wings  at  lew  sweep  angles. 

Tests  were  conducted  in  Reference  13  where  only  the  wing  sweep  of  the 
model  was  varied;  flap  deflection,  nacelle  geometry,  and  blowing  coefficient 
were  held  constant.  Results  of  these  tests  are  shown  in  Figure  26  for 
sweep  angles  of  9°  to  30° .  The  close  agreement  of  estimated  lift  increments 
with  the  experimental  data  indicates  that  the  prediction  methods  adequately 
account  for  sweep  effects. 
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Figure  26.  Correlation  of  Effects  of  Wing  Sweep  on  Lift  Due  to  Power 
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3.10  EFFECTS  OF  FLAP  CONFIGURATION 


The  methods  of  prediction  of  lift  increment  due  to  power  indicate 
a  small  benefit  of  triple  slotted  flaps  over  double  slotted  flaps  due 
to  better  turning  effectiveness  (see  Figure  13).  A  comparison  with  experi¬ 
mental  data  from  Reference  (13),  shown  in  Figure  27,  shows  that  the  pre¬ 
dicted  variation  with  flap  angle  is  correct,  but  the  differences  due  to 
double  versus  triple  slotted  flaps  are  no  greater  than  the  experimental 
scatter  of  the  data.  It  is  also  observed  that  flap  separation  starts  at 
flap  angles  above  about  65  degrees  for  these  tests  at  C.^  =  2. 

These  results  are  in  agreement  with  other  data  from  Reference  (6). 
There,  single,  double,  and  triple  slotted  flaps  were  investigated  with  a 
model  having  a  straight  wing.  The  various  flap  geometries  are  shown  in 
Figure  28.  The  power-off  lifts  for  these  geometries  are  presented  in 
Figure  29  for  -*  *  0,  showing  a  large  improvement  in  lift  in  going  from 
one  gap  to  multi -gapped  flap  geometries.  The  large  improvement  rf>owe 
:he  single  gap  is  probably  due  to  a  lessening  of  flow  separation.  Power 
effects  from  external  blowing  are  presented  in  Figure  30  for  the  same 
flap  geometries,  using  a  blowing  coefficient  of  C /<  *  1.0.  The  single 
slotted  flap  shows  the  largest  lift  increment  which  probably  results 
from  ar  elimination  of  the  flow  separation  that  might  exist  without  the 
blowing.  However,  little  difference  is  found  between  the  double  and 
triple  slotted  flap.  Figure  31  shows  the  sum  of  the  freestream  lift  and 
the  increment  due  to  power,  i.e.,  the  total  lift.  It  is  seen  that  the 
differences  in  total  lift  between  double  and  triple  slotted  flaps  are 
minor. 

Also  it  should  be  noted  that  the  comparison  of  the  number  of  gaps 
is  carried  out  at  constant  flap  chord  extensions.  However,  in  case  a 
simultaneous  increase  of  flap  chord  is  achieved  together  with  a  larger 
number  of  gaps,  an  increase  of  turning  angle  may  be  obtained  because  of 
a  larger  impingement  parameter. 

Tile  prediction  methods  have  no  provision  for  flap  gap  variations. 

Test  data  from  References  (6)  and  (13)  show  that  an  optimum  gap  is  3 
percent  to  3.5  percent  of  wing  chord  (see  Figure  32).  It  is  assumed 
that  any  EBP  design  would  utilize  a  near  optimum  gap  in  order  to  derive 
the  maximum  lift  capability  from  the  flap  system,  since  there  are  no 
apparent  reasons  to  use  other  gap  dimensions. 
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Figure  27.  Effects  of  Flap  Configuration  on  Lift  Increment  Due  to  Power 


Figure  28.  Flap  Details  for  Comparison  of  Flap  Chord  Effects 
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Figure  30.  Effect  of  Flap  Configuration  on  Lift  tXie  to  Power 
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Figure  32.  Effect  of  Flap  Gap  on  Optimum  Lift 
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3.11  EFFECTS  OF  LEADING  EDGE  DEVICES 


The  primary  effect  of  the  leading  edge  device  is  to  increase  by 

delaying  ieading  edge  stall  to  higher  angles  of  attack.  In  application  to 
an  externally  blown  flap,  test  data  indicate  that  the  increment  in 
due  to  the  leading  edge  device  is  developed  in  the  pcwer-off  condition,  and 
no  further  increase  in  due  to  the  leading  edge  device  is  realized 

for  the  power-on  case. 

In  the  present  -  ethods,  the  effects  of  the  leading  edge  device  are 
estimated  for  the  power-off  case  by  DATOOM  or  other  suitable  methods.  Power 
effects  are  then  added  as  described  in  Sections  3,2  through  3.5, 

Tests  were  made  in  Reference  13  of  systematic  variations  of  Krueger 
flap  span  from  100  percent  span  to  40  percent  span.  Figure  33  presents  the 
lift  increment  due  to  flap  blowing  at  zero  incidence,  and  shows  no  effect 
of  Krueger  flap  span.  Figure  34  shows  the  effect  of  leading  edge  flap  span 
on  for  the  power-off  and  pcwer-on  cases.  It  is  seen  here  that  the 

estimated  power  effects  on  CLuav>  which  assume  no  effect  of  the  leading 
edge  device,  are  in  good  agreement  with  the  experimental  data  at  all  values 
of  the  leading  edge  flap  span.  The  increment  of  0^^  due* to  power  is  shown 
in  Figure  35  for  two  values  of  blowing  coefficient. 


54 


0  zo  40  GO  80  lOO 

°Z,  SPAN  KRUEGER  FCAP 


Figure  34.  Effect  of  Leading  Edge  Flap  Span  on 
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Figure  36.  Alternate  Nacelle  Positions  Tested  in  Reference  13 
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3.12  EFFECTS  OF  NACELLE  LOCATION  AND  ENGINE  ORIENTATION 


The  methods  of  estimation  developed  in  this  report  account  for  the 
effects  of  nacelle  location  and  engine  orientation  through  the  use  of 
the  "impingement  ratio,"  Zp/R,  and  the  inclusion  of  direct  force  terms 
due  to  thrust  axis  incidence.  Test  results  of  a  systematic  variation  of 
nacelle  position  (Figure  36)  and  nozzle  deflection  angle  conducted  in  the 
wind  tunnel  tests  of  this  program,  substantiate  these  methods. 

Test  data  are  shown  in  Figure  37  of  lift  increment  due  to  power 
versus  engine  nozzle  angle  for  various  nacelle  locations.  It  is  seen  that 
the  high  nacelle  location  has  better  performance,  and  the  aft  nacelle 
location  has  poorer  performance  than  the  basic  nacelle  location.  Also, 
there  is  no  apparent  benefit  in  spreading  the  engines  spanwise  any  farther 
than  the  basic  arrangement.  These  data  show  the  very  potent  effects  of 
deflecting  the  nozzle  upward  into  the  flaps.  The  nozzle  angle  effect  is 
about  the  same  for  all  nacelle  locations. 

These  same  data  when  shown  as  a  function  of  the  impingement  ratio  in 
Figure  38,  tend  to  collapse  about  a  single  curve  with  the  exception  of 
the  aft  nacelle  location  data,  which  is  about  10  percent  below  the  other 
data.  Static  calibration  data  of  the  aft  location  were  not  taken,  but 
it  is  believed  that  the  aft  location  might  nroduce  a  higher  drag  force 
which  would  result  in  a  lower  turning  efficiency,  thus  explaining  the 
reduced  lifting  effectiveness.  It  is  concluded  that  the  prediction 
methods  adequately  account  for  effects  of  nacelle  location  and  thrust 
incidence,  although  they  do  not  account  for  the  penalty  incurred  by  moving 
the  nozzle  closer  to  the  flaps.  Here  again,  it  should  be  a  design  objec¬ 
tive  to  locate  the  nozzle  at  or  near  the  wing  leading  edge. 
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3.13  EFFECTS  OF  ASYMMETRIC  THRUST 


Experimental  results  of  test  simulating  the  loss  of  thrust  on  one 
engine  of  a  four-engine  airplane  is  shown  on  Figure  39.  It  is  seen  that 
the  loss  in  lift  due  to  one- fourth  reduction  in  7C  is  very  nearly  equal  to 
one-fourth  of  the  total  lift.  Since  the  powered  lift  increment  is  not  linear 
with  Cfi,  the  loss  of  lift  due  to  an  engine  failure  is  not  equivalent  to  the 
reduction  in  lift  that  would  result  from  the  reduction  of  Ch-  by  25  percent 
uniformly  on  all  engines. 

The  loss  of  lift  due  to  an  engine  fialure  with  the  thrust  held  constant 
on  the  remaining  engines,  can  then  be  estimated  by: 

(A  QJengine  failure  -  ~  (ACl)p.l>  an  engines  3.26 

where  N  is  the  total  number  of  engines  on  the  airplane. 

The  test  data  presented  in  Figure  39  show  that  the  loss  of  an  inboard 
engine  results  in  slightly  less  lift  loss  than  the  loss  of  an  outboard 
engine.  This  might  be  due  to  the  outboard  engine  affecting  a  larger 
portion  of  the  wing  than  the  inboard  engine.  This  effect  is  negligibly 
small. 
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Section  IV 


DRAG 

Defining  drag  as  the  total  force  in  the  wind  direction,  including 
engine  thrust,  the  total  drag  coefficient  is: 

CD  x  cDf  +  Cd£  -  y\ cos  (fl--+o<)  +  ACdr  4.1 

where  CDf  is  the  power  off  minimum  drag  minus  (Cl  at  min.  drag)  2/  TV  A; 

Cp^  is  the  induced  drag  due  to  lift  (see  Section  4.1);  and  ACdr  is  ram  drag. 

The  drag  increment  CDf  is  estimated  by  conventional  methods  or 
obtained  from  unpowered  wind  tunnel  model  data,  and  is  defined  by: 

cDf  a  cDmin  4.2 

^  J  .  TTK 

The  ram  drag  component  is: 

ACdr  «  4.3 

where  Wa=  weight  rate  of  flow  of  air  through  engine  inlets,  lb/sec., 
obtained  from  engine  data 
V  *  freestream  velocity,  fps 
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4.1  DRAG  DUE  TO  LIFT 


The  drag  due  to  lift  for  a  jet  flap  wing  of  finite  aspect  ratio  has 
been  derived  in  Reference  11  as: 

S.  *  c[/(.A  *  2  g, 

where  Cl  is  the  total  lift  coefficient  including  the  jet  reaction  term. 
Attenpted  correlations  of  this  expression  with  wind  tunnel  test  data  of 
externally  blown  flap  models  have  produced  negative  results.  However, 
good  correlations  have  been  obtained  by  using  the  unpowered  form  of  it  - 
induced  drag  expression,  and  removing  the  jet  reaction  force  from  the  w  :al 
lift: 


"D.  *=  -  nCu  sin  (6+a)J2/rrA 


4.4 


Experimental  data  representing  various  configurations  and  several 
different  aspect  ratios  have  been  plotted  in  the  form  of 

-  nCjj  sin  (8*ct)j2  versus  +  nCy  cos  (8+a)  aC^  J 


in  Figure  40.  Ram  drag  and  uncertainty  in  the  values  of  n  and  e  (see  Sec¬ 
tion  4.2)  cause  some  dispersion  of  the  data,  but  for  one  set  of  conditions 
held  constant  the  slope  is  consistent  with  the  assumed  value  of  l/.  A. 

A  summary  of  estimated  induced  drag  compared  to  induced  drag  derived 
from  test  data  by  removing  the  drag  at  zero  lift,  ram  drag,  and  thrust 
reaction,  is  shown  in  Figure  41.  The  agreement  is  reasonably  good. 
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Figure  40a.  Correlation  of  Induced  Draq  Data 


k’fi-V  jiaStuct  AdfvAr&Sf 


rt*:BSa-iSJi£Mi  t?S2SS'^>^iC  SlitftfiO  tt^a’>-}5i£^£iSiufc5 


Q>neM  *Ct>n  4  1  C*4 cos  (&  f  «) 

Figure  4Cb.  Correlation  of  Induced  Dreg  Deu 


'o  £>  ! 


^  j 

O  10  &  <5.3  j 

a  //!a  to 

□  *ia  8 

O.  £/ia  .5.1  . 

V  23 ia  52f 

o  /;/  7  [ 

o  /  ia.  7  ! 

^  -  lit  1  [ 

>  /<to  5.8 


"*££•£  /^7  >*<?*.  oertvtrtoi 

..  r£*r  !  i 

*8  /.  £  /.&  2.0  2.^ 


w  ^  ^  Co  A  (©  -f  o(J 


Higurc  41.  Sunrauv  of  Induce*.!  Drug  Data 


4.2  THRUST  REACTION  FORCE 


The  thrust  reaction  term,  r^C^c  c  :  +  OC ),  is  determined  from 

static  values  of  and  6  as  discussed  in  Section  II.  In  estimating  the 
total  drag  force,  this  is  the  component  most  difficult  to  define  accurate¬ 
ly.  Both  and  9  are  subject  to  variable  details  of  the  airplane  and 
flap  configuration,  and  methods  are  given  only  for  estimating  performance 
of  a  "well -designed"  system.  In  attempting  correlations  with  wind 
tunnel  test  data,  good  agreement  depends  on  availability  of  good  static 
calibration  results  for  ^  and  9. 
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The  deviation  of  experimental  values  of  the  jet  turning  efficiency  from 
the  design  curves  of  Figure  11  are  summarized  for  the  various  types  of 
flaps  and  wing  sweeps  in  Figure  42.  Most  of  the  experimental  points  fall 
within  a  A»1  of  +^10.  The  sensitivity  of  estimated  drag  with  the  para¬ 
meter  ,  varies  from  about  0.5  in  the  range  of  Cl's  of  4  to  5, 

to  about  2.0  at  high  lift  coefficients.  So,  the  experimental  scatter  in 
could  result  in  deviations  in  the  estimated  drag  coefficient  of  +.05 
at  nominal  lift  coefficients  and  +0.2  at  high  lift  coefficients. 
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Section  V 


PITCHINC  MOMENT 

A  theoretical  development  of  the  pitching  moment  of  a  two-dimensional 
wing  with  a  blown  flap  has  been  made  by  Spence  in  Reference  (17).  These 
methods  assume  uniform  spanwise  distributed  blowing  at  the  wing  trailing 
edge  or  knee  of  the  flap  so  they  do  not  simulate  the  three  dimensional 
externally  blown  flap  sufficiently  for  direct  application.  However,  the 
framework  of  the  theoretical  development  can  be  used  to  guide  an  empirical 
approach  to  solution  of  the  problem. 

The  method  recommended  here  for  estimation  of  tht  pitching  moment 
characteristics  was  developed  from  consideration  of  pressure  distribu¬ 
tion  data  of  externally  blown  flap  tests  from  References  (13)  and  (14). 

Typical  chordwise  and  spanwise  distributions  from  Reference  (14)  are 
reproduced  here  in  Figures  43  and  44. 

From  these  pressure  and  loading  distribution  data  it  has  been  coir- 
cluded  that  the  pitching  moments  due  to  an  externally  blown  flap  can  be 
predicted  by  treating  the  three  major  components  -  the  thrust  reaction, 
circulation  lift  at  zero  incidence,  and  lift  due  to  angle  of  attack  - 
individually.  Hie  pressure  data  indicate  the  following  characteristics 
which  have  been  applied  in  the  present  prediction  methods. 

1.  Thrust  Reaction  Term 

The  lift  component  of  the  thrust  reaction,  vq  C.m_  sin  0,  acts  primarily 
on  the  flap  with  no  noticeable  carry-over  forward  of  the  flap.  Spanwise, 
this  force  is  centered  about  the  thrust  centerline,  as  illustrated  in  Figure  44. 

2.  Circulation  Lift  at  Zero  Incidence 

In  the  chordwise  direction  this  force  is  quite  uniformly  distributed,  so 
the  center  of  pressure  would  fall  very  close  to  mid-chord.  This  is  in  agree¬ 
ment  with  two-dimensional  jet  flap  theory  which  predicts  a  ,5c  location  of  the 
center  of  pressure  of  the  induced  lift  at  zero  incidence.  The  spanwise  load¬ 
ing  distribution  of  the  circulation  lift  is  also  quite  uniform  even  when  the 
blowing  is  concentrated  inboard,  so  the  spanwise  c.p.  of  this  load  can  be 
assumed  to  be  at  the  MAC  of  the  wing.  Data  with  partial  span  flaps  show 
a  carry-over  on  the  panel  outboard  of  the  flaps  that  averages  about 
half  of  the  unit  loading  of  the  flapped  portion  of  the  wing. 
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Figure  43.  Chordwise  Pressure  Distribution  of  an  Externally  Blown  Flap 
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Figure  44.  Spanwise  Loading  Distribution  of  an  Externally  Blown  Flap 


3.  Lift  Due  to  Angle  of  Attack 


The  additional  load  due  to  angle  of  attack  has  a  conventional  dis¬ 
tribution,  peaking  near  the  leading  edge,  with  a  c.p.  near  the  quarter 
chord.  This  loading  -is  also  uniformly  distributed  spanwise,  so  the  MAC 
of  the  wing  can  be  assumed  to  be  the  spanwise  location  of  the  c.p. 


The  tail -off  pitching  moment  characteristics  are  estimated  by  adding 
the  powered  lift  effects  to  the  power  off  characteristics  which  are  esti¬ 
mated  by  conventional  methods,  or  are  available  from  unpowered  wind 
tunnel  model  tests.  As  discussed  above,  the  total  tail-off  pitching 
moment  is  developed  by  sunning  the  effects  of  the  several  moment  inputs: 


On  "  (Qn^B  +  +  (ACm)p  +  5.1 

where  (Qn)g  =  basic  power-off  moment  coefficient,  variable  with  angle 
of  attack,  with  flaps  extended 

(£Cm)R  =  moment  coefficient  due  to  thrust  reaction 

(AQn)p  =  moment  coefficient  due  to  circulation  lift  at  zero 
incidence 


(ACm)x  =  moment  coefficient  due  to  power  effects  on  additional 
lift  at  angle  of  attack 

(AQtOrd  =  moment  coefficient  due  to  ram  drag. 


Each  of  these  pitching  moment  increments  will  be  discussed  in  the  follow¬ 
ing  sections. 


5.1  THRUST  REACTION  M3MENT 

By  definition,  the  thrust  reaction  force,  F^,  acts  at  an  angle  to 
the  reference  plane  of  0  *  tan'l  (fy/F^)  »  where  %  is  the  normal  force 
component  cf  Fr,  and  F A  is  the  axial  force  component.  At  forward  speed 
these  force  components  are  defined  by  the  coefficients: 

Y]C/X  sin  8  and  cos  6.  Now,  according  to  our  analogy  to  the  jet 

flap,  this  jet  reaction  force  represents  the  momentum  in  the  jet  itfieet 
leaving  the  trailing  edge  of  the  flap  system  at  the  angle  8.  Therefore, 
the  moment  of  this  force  can  be  found  by  extending  the  force  vector  from 
the  trailing  edge  of  the  flap  at  angle  9,  and  determining  its  moment  arm 
about  the  moment  reference  center. 


75 


The  spanwise  location  of  the  thrust  reaction  force,  v\C/-t  ,  is  taken 
to  be  at  the  engine  centerline;  or,  in  the  case  of  a  four-engine  installa¬ 
tion,  midway  between  the  two  engines  on  one  wing.  Nov/  to  determine  the 
length  of  the  moment  arm  it  is  probably  more  convenient  to  work  with  the 
normal  and  axial  thrust  reaction  components.  By  extending  the  vector, 
from  the  flap  trailing  edge  at  angle  9,  the  chordwise  location 
of  the  intersection  of  this  vector  with  the  reference  plane  (the  horizon¬ 
tal  plane  through  the  moment  reference  center)  can  be  found  (see  figure  45) . 
Then  the  pitching  moment  about  the  moment  reference  center  due  to  the  thrust 
reaction  force  is  equal  to  the  normal  force  component,  sin  9, 

acting  at  the  distance  from  the  moment  reference  center  to  the  intersection 
of  the  thrust  reaction  force  with  the  reference  plane.  The  axial  force 
component  has  no  moment  arm  in  this  system.  So,  taking  moments  about  the 
wing  leading  edge  at  the  location  of  the  engine  centerline: 

(AcWkL£  =  6  ) 


where  Cp  =  chordwise  distance  of  intersection  of  thrust  reaction  vector 
and  the  reference  plane  from  the  wing  leading  edge 

c'  =  length  of  wing  chord  at  engine  centerline 

"c  =  MAC  of  wing. 

These  parameters  are  illustrated  in  Figure  45  for  two  possible  loca¬ 
tions  of  the  moment  reference  center.  This  pitching  moment  can  be  trans¬ 
ferred  to  the  moment  reference  center  by  conventional  methods: 


ALT£f?MA?> 


i~0~z.A  r/o\ 
OF  F£F£'i 
f:‘L  A  /V<£" 


Figure  45.  Definition  of  Thrust  Reaction  Moment  Arm 


5.2  MOMENT  DUE  TO  CIRCULATION  LIFT  AT  ZERO  INCIDENCE 


As  discussed  above  the  circulation  lift  at  zero  incidence  can  be 
assumed  to  act  at  the  mid  chord  of  the  MAC  of  the  affected  portion  of 
the  wing.  An  alternate  approach  is  to  define  the  center  of  pressure  of 
the  circulation  lift  due  to  power  to  be  equal  to  the  center  of  pressure 
of  the  power-off,  zero  incidence,  flaps  down  lift.  Rather  extensive 
investigations  of  experimental  results  of  various  configurations  have 
shown  this  correlation.  This  approach  should  give  better  accuracy, 
especially  if  unpowered  wind  tunnel  model  data  are  available.  The  pitch¬ 
ing  moment  increment  of  the  circulation  lift  at  zero  incidence  about  the 
moment  reference  center  is  then: 


where  *  pitching  moment  coefficient  about  moment  reference  center, 

power  off,  flaps  down,  <=<=  0 


(Cg)g  =  lift  coefficient,  power  off,  flaps  down,  0 

(ACg)p  =  circulation  lift  at  zero  incidence  as  defined  in 

Section  3.2. 


5.3  PITQIING  MOMENT  DUE  TO  ANGLE  OF  ATTACK 


The  center  of  pressure  of  the  additional  lift  due  to  angle  of  attack 
for  a  two-dimensional  jet  flap  has  been  derived  by  Spence  in  Reference 
(10).  His  results  can  be  approximated  by  the  relation: 

Xc,p.  ,25-,OI  5‘5 

so  the  center  of  pressure  of  the  angle  of  attack  tern  is  very  near  the 
quarter  chord.  Experimental  data  confirm  that  the  additional  lift  acts 
essentially  at  the  quarter  chord.  The  recommended  procedure  for  esti¬ 
mating  the  incremental  pitching  moment  due  to  angle  of  attack  effects  is, 
then: 


where:  (ACL)^ 


*  lift  increment  due  to  angle  of  attack,  defined  in 
Section  3,3 


(ACiL/ry-i  B  lift  increment  due  to  angle  of  attack,  power-off 

2  tt  f  *. (Uyc)  =  arr^pVc'iA 

fSL  -,25-.01yy^.  S7.3  (A 42.) 

CF 

"Cp  *  MAC  of  affected  wing  area  as  defined  in  Section  3.1. 

This  moment  increment  can  be  transferred  to  the  moment  reference  center 
by  conventional  methods: 


5.4  RAM  DRAG  MOMENT 


The  pitching  moment  of  the  ram  drag  about  the  moment  reference  center 

~  -  (AC^  A-^r.  5*8 


where  (ACp)p  *  ram  drag,  defined  in  Section  4. 


■  moment  aim  of  engine  inlet  axis  about  moment  reference 
center,  positive  when  engine  is  below  reference 
plane.  In  the  stability  axis  system  this  dimension 
is  variable  with  angle  of  attack. 
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5.S  TOTAL  PITCHING  MOMENT 


The  total  pitching  moment  coefficient  about  the  moment  reference 
center  is,  £hen,  the  sum  of  the  above  increments: 


Correlations  with  experimental  data  using  these  methods  have  been 
made  for  several  varied  configurations  with  the  results  being  shown  in 
Figure  46,  In  general  the  agreement  is  very  good,  falling  with  +  10 
percent.  Those  data  showing  the  largest  deviation  are  due  to  overesti¬ 
mation  of  the  lift  increment  due  to  blowing.  Again,  this  noticeable 
discrepancy  in  lift  estimation  is  primarily  due  to  the  aspect  ratio 
effects. 
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Figure  46.  Correlation  of  Pitching  Moment  Coefficient  Data 
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5.6  EFFECT  OF  LEADING  EDGE  DEVICES 


The  effect  of  wing  leading  edge  blowing  on  the  center  of  pressure 
location  of  the  power  effects  at  c<.  *  0  was  analyzed  and  found  to  be 
negligible,  see  Figure  47. 

Also,  the  effect  of  Krueger  flaps  and  leading  edge  droop  was  found  to 
be  negligible,'  see  Figure  48. 
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Section  VI 


TAIL  ENVIRONMENT  EFFECTS 

The  tail  environment  characteristics  are  presented  in  this  section  as 
the  downwash  angle  at  zero  angle  of  attack  and  the  change  of  downwash 
angle  with  lift  due  to  power.  Next  the  downwash  factor  (1  -  de/d<<)  is 
discussed.  In  particular  various  configuration  effects  have  been  exa¬ 
mined.  A  limited  amount  of  data  on  the  dynamic  pressure  environment  at 
the  airplane  tail  is  presented  herein. 

6.1  DOWNWASH  AT  ZERO  INCIDENCE 

The  method  of  Ross,  Reference  (18),  for  estimation  of  the  downwash 
behind  jet-flapped  wings  was  evaluated  for  application  to  the  externally 
blown  flap.  Although  reasonable  agreement  of  the  theory  with  test  results 
was  found  for  small  jet  deflection  angles,  the  theory  significantly  under¬ 
estimated  the  downwash  for  larger  jet  deflection  angles.  This  was 
contributed  in  Reference  (12)  to  overestimation  of  the  deflection  of  the 
jet  wake  due  to  jet  angle,  and  due  to  roll-up  of  the  vortex  sheet,,  which 
is  not  accounted  for  in  the  theory.  A  further  discrepancy  in  this 
theoretical  treatment  is  the  assumption  of  elliptical  spanwise  loading 
distribution  which  can  be  substantially  violated  with  EBF  configurations. 

Since  the  linearized  theory  did  not  give  satisfactory  results  in  the 
region  of  interest,  an  empirical  approach  to  providing  means  of  esti¬ 
mating  the  downwash  was  taken.  The  limited  amount  of  test  data  available 
for  externally  blown  flaps  were  generalized  and  are  presented  in  Figure 
49  showing  the  relation  of  downwash  angle  at.  zero  angle  of  attack  with  lift 
coefficient,  tail  height,  end  tail  length.  In  this  form  the  effects  of 
flap  deflection  angle  and  blowing  coefficient  are  reflected  in  the  lift 
coefficient,  so  any  independent  effect  of  these  variables  on  downwash 
angle  is  not  defined.  Other  limitations  of  these  data  are  that  they  are 
for  the  aspect  ratio  range  of  7  to  8. 


The  aspect  ratio  effect  on  downwash  angle,  which  might  be  expected 
to  be  a  function  of  Cl/A  or  C^A/frr  A  +  2CW)  (from  jet  flap  theory), 
could  be  incorporated  in  this  type  of  data  presentation  if  sufficient 
experimental  data  were  available  for  development  and  substantiation  of 
such  a  factor.  Unfortunately,  experimental  data  to  investigate  this 
relationship  with  aspect  ratio  were  not  available. 

The  faired  curves  of  Figure  49  have  been  superimposed  on  test  data 
from  References  (2),  (4),  and  (13)  in  Figures  50  through  S3  at  the 
appropriate  tail  heights  and  tail  lengths  to  illustrate  the  degree  of 
experimental  data  variation. 
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Figure  50.  Effect  of  Tail  Length  on  Downwash  Variation  With  Lift  Change 

Due  to  Fewer 
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Figure  SI.  Effect  of  Tail  Height  and  Engine  Deflectors  on  Downwash  Variation 
With  Lift  LKje  to  Power  at  Zero  Angle  of  Attack 
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Figure  S3.  Effect  of  Spanwise  Engine  Location  and  Leading  Edge  Devices 
on  Downwash  Variation  With  Lift  Change  Due  to  Power 
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6.2  DOWNWASH  FACTOR 


Within  the  lijnitations  of  the  parameters  discussed  above  the  downwash 
angle  and  the  downwash  factor  (1  -e>£  /cW)  can  be  estimated  by  the 
following  procedure: 

£  =  ■+  6.1 


where  is  the  downwash  angle  at  zero  incidence,  given  by  Figure  50. 

To  find  it  was  assumed  that  from  a  given  baseline  downwash 

angle  corresponding  to  a  certain  lift  coefficient,  blowing  coefficient  and 
tail  location,  the  downwash  angle  changes  with  angle  of  attack  as  CL 
and  tail  height  change  with  angle  of  attack.  Expressing  the  change  in 
downwash  angle  as: 

At  *  5  &  A<TU  +  3t  Al  6.2 

icl  "Si 


and  holding  constant  and  varying  only  angle  of  attack. 


A.&  s  >  ACU  ( Aifc 

A«< 


Then  for  small  changes  in  e( : 

r  aCu  +  ^  £  £)%. 
Boi  BcJ  2>* 


where  ^ CL/ 3oC  is  the  power-on  lift  curve  slope  as  defined  in  Section  3.3, 
and  te/d*  is  equal  to  the  tail  length  X/c  (where  Z  is  in  units  of  chord 
length) . 


The  slopes,  /3Cl  and  36/B2-  ,  have  been  derived  from  the  plot 
of  Figure  49  and  shown  versus  Cl  in  Figure  54.  It  should  be  noted  that 
these  values  are  in  degrees,  whereas  "oCL/^C  and  are  per  radian. 

Accounting  for  these  differences  in  u?its,  the  expression  for  B6/de<is: 


_L 

57 3 


G 

J5cL 


*♦* 

a*  /c 


6.4 
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A  plot  of  the  downwash  factor  calculated  by  this  expression  for  a 
tail  length  of  3.5  and  using  typical  values  of  Cl<j<  is  shown  in  Figure 
55.  Comparisons  with  experimental  results  from  References  (2),  (4),  (5), 
and  (13)  are  shown  in  Figure  56.  The  average  correlation  is  fairly  good 
although  some  unaccounted  configuration  effects  are  apparent. 

6.3  CONFIGURATION  EFFECTS 


The  major  configuration  effect  on  downwash  angle  is  the  tail  height 
as  shown  in  the  data  of  Figure  51.  Tail  length  has  a  much  lesser  effect 
as  seen  in  Figure  SO.  The  data  in  Figure  52  indicate  a  small  reduction 
in  downwash  angle  when  increasing  the  flap  deflection  from  50  degrees  to 
60  degrees.  Also  shown  in  this  figure  is  the  effect  of  rotating  the  engine 
exhaust  nozzles  from  15  degrees  up  to  15  degrees  down;  again,  only  a 
small  reduction  in  downwash  angle  is  observed.  The  effects  of  leading 
edge  flap  span  and  chord,  and  the  effect  of  engine  spacing  is  shown  in 
Figure  S3.  The  increased  span  leading  edge  flap  with  spread  engines 
shows  a  small  reduction  in  downwash  angle.  Unfortunately  the  individual 
effects  of  these  two  factors  cannot  be  separated  in  the  present  data. 

The  most  significant  effects  on  the  downwash  factor  (1  -  &€/^oO, 

other  than  tail  height  appear  to  be  due  to  leading  edge  treatment. 

Figures  56(e)  through  (h)  show  rather  large,  unpredictable,  effects  of 
leading  edge  blowing,  producing  different  effects  with  different  loca¬ 
tions  of  the  outboard  engines.  The  effects  of  leading  edge  flap  span  and 
chord  on  the  downwash  factor  is  illustrated  in  Figure  56(a).  At  the 
lower  lift  coefficients,  reduction  of  leading  edge  flap  span  and  chord 
appear  to  improve  the  downwash  factor.  At  higher  lift  coefficients  no 
noticeable  effect  is  observed. 

The  effects  of  flap  deflection  angle,  shown  in  Figure  56(c)  indicate 
no  observable  effect  on  the  downwash  factor  in  increasing  flap  deflection 
angle  from  SO  to  60  degrees. 

The  erratic  behavior  of  the  data  at  the  higher  lift  coefficients 
observed  in  Figures  56(h)  and  56(i),  is  evi  ler.  .y  due  to  the  spanwise 
location  of  the  outboard  engine.  Both  sets  of  data  are  from  the  same 
model  with  the  engines  in  the  "spread"  configuration.  Moving  the  out¬ 
board  engine  further  inboard,  or  application  of  leading  edge  blowing, 
appears  to  iirprove  the  downwash  factor  to  values  compatible  with  the  other 
configurations.  Other  data  with  spread  engines  from  Reference  (13), 
Figures  56(b),  is  quite  comparable  to  that  of  Reference  (5)  with  leading 
edge  Mowing,  Figure  56(e). 

The  effects  of  varying  tail  length  from  JL/c  m  2.2  to  4.2  as  shown 
in  Figure  56(1} ,  are  negligible,  which  is  in  agreement  with  the  methods  of 
estimation. 
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Figure  56.  Experimental  Downwash  Factor  Data  (Continued) 
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Figure  56.  Experimental  Downwash  Factor  Data  (Continued) 
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(j)  spacer  of  flap 

Figure  56.  Experimental  Downwash  Factor  Data  (Concluded) 
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The  methods  of  estimation  of  the  downwash  angle  and  the  downwash 
factor  given  here  are  believed  to  be  adequate  for  typical  EBF  STOL 
configurations  which  utilize  a  leading  edge  device,  large  span  flaps,  and 
aspect  ratio  of  7  to  8.  The  most  important  configuration  variable  not 
accounted  for  here  is  the  aspect  ratio  of  the  wing,  or  of  the  flapped 
portion  of  the  wing.  Additional  data  should  be  obtained  of  this  variable 
and  analyzed  in  the  context  of  the  approach  used  here  for  prediction 
methods . 
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6,4  TAIL  DYNAMIC  PRESSURE 


The  dynamic  pressure  ratio  at  the  tail  was  obtained  from  Reference 
(2)  and  has  been  presented,  verbatim,  at  the  top  of  Figure  57.  The 
dynamic  pressure  increase  coefficient  (  A  %/(T/S))  may  readily  be 
determined  from: 


The  dynamic  pressure  increase  coefficient  in  this  case  was  a  linear 
function  of  the  gross  thrust  or  blowing  coefficient,  C ^  . 
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Section  VII 


ASYMMETRIC  POWER  EFFECTS  ON  LATERAL  CHARACTERISTICS 
7.1  ROLLING  MOMENT  DUE  TO  ENGINE  FAILURE 


The  rolling  moment  due  to  engine  failure  is  determined  from  the  lift 
change  due, to  the  failure  times  a  moment  arm: 


b/2 


'E.F 


7.1 


Herein,  the  subscript  EF  denotes  "engine  failure",  while  Y  denotes  the 
lateral  distance  of  the  center  of  pressure  of  the  forces  due  to  engine 
failure. 


The  lateral  distance  can  be  taken  as  being  equal  to  the  lateral  loca¬ 
tion  of  the  centerline  of  the  exhaust  nozzle  of  the  failed  engine.  Corre¬ 
lations  of  several  test  results,  Figure  58,  show  some  variation  of  this, 
both  inboard  and  outboard ;  however,  since  the  variation  is  reasonable  over 
a  large  range  of  configurations  it  is  recommended  that  the  engine  center- 
line  be  used  as  the  c.p.  of  the  failed  engine  forces.  In  the  method 
presented  hereafter  the  lateral  c.p,  location  is  assumed  to  be  independent 
of  oC- 

The  lift  change  due  to  engine  failure  can  be  computed  below  the  stall 
angle  of  attack  from 


as  defined  in  Section  3,  where  N  is  total  number  of  engines  and  (AC^pl 
is  the  lift  increment  due  to  powered  lift  with  all  engines  operating. 

The  maximum  change  in  lift  at  an  angle  of  attack  beyond  stall  can  be 
substantially  larger,  as  illustrated  in  Figure  59.  The  magnitude  depends 
very  much  on  the  effect  of  power  on  the  stall  angle  of  attack,  and  probably 
also  on  the  wing  sweep  angle.  Data  for  2 4 -degree  swept  back  wings  and 
clustered  engines  are  presented  in  Figure  60. 

A  comparison  of  test  data  with  computations  of  the  rolling  moment  due 
to  engine  failure,  using  the  above  described  method,  is  given  in  Figures 
61  and  62.  It  is  seen  that  the  method  is  usoful  for  the  prediction  of  the 
rolling  moment  versus  angle  of  attack. 
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Figure  61.  Roll  Characteristics  With  Left  Engine  Imperative 
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Figure  62.  Roll  Characteristics  With  Left  Outboard  iingiae  Inoperative 


7.2  YAWING  MMENT  CUE  TO  SEINE  FAILURE 


An  attonpt  was  made  to  use  a  similar  technique  to  predict  the  yawing 
moment  with  asymmetric  power  by  replacing  the  normal  force,  used  for  the 
rolling  moment  predictions,  with  the  axial  force  or  drag  increase  due  to 
engine  failure.  The  results  show  that  the  centroid  of  the  outboard  failed 
engine  is  near  the  engine  centerline,  but  the  centroid  of  the  inboard  failed 
engine  is  far  outboard  (see  Figure  63) .  It  is  also  observed  that  the  center 
of  pressure,  or  yaw  centroid,  moved  outboard  when  the  tail  was  added  to  the 
configuration;  apparently  the  failure  of  an  engine  is  inducing  a  strong  cross 
flow  which  has  a  greater  reaction  on  the  fuselage  in  the  case  of  an  inboard 
engine  failure,  than  for  that  of  an  outboard  engine  failure. 

An  investigation  of  the  sidewash  induced  by  the  asymmetric  vortex 
system  resulting  from  a  failed  engine  might  yield  a  method  for  predicting 
the  engine -out  directional  characteristics. 
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Section  VIII 


POWER  EFFECTS  ON  AERODYNAMIC  DERIVATIVES 
8.1  LONGITUDINAL  DERIVATIVES 
8.1.1.  CHANGE  IN  FORWARD  VELOCITY  DERIVATIVES 

Cxu,  Czu,  Qjvj  -  These  derivatives  arise  from  three  sources;  Mach  num¬ 
ber  effect,  aeroelastic  effects,  and  thrust  or  power  effects.  The  first 
two  of  these  sources  are  very  small  in  the  STOL  flight  region  and  may  be 
neglected.  The  thrust  or  power  effects,  of  concern  in  this  section, 
however,  can  become  quite  important  in  some  configurations  and  should  be 
investigated  in  detail,  as  their  effect  is  seen  in  both  the  period  and 
damping  of  the  phugoid  oscillation. 

In  general,  major  contributions  from  power  can  be  broken  into  three 
categories : 

1.  Direct  effects 

2 .  Inlet  effects 

3.  Induced  flow  effects. 

Both  direct  and  inlet  effects  are  readily  handled  once  the  engine 
characteristics  are  known  through  normal  analysis.  An  example  of  a  typi¬ 
cal  direct  effect  is,  at  low  speeds  when  the  net  thrust  varies  greatly 
with  velocity,  noticeable  Cj^  effects  can  occur  if  the  thrust  vector  is 
highly  offset  from  the  center  of  gravity.  The  velocity-power  effects 
from  the  inlet  are  usually  negligible,  as  the  resulting  forces  generated 
are  basically  a  function  of  inflow  angle,  but  power  effects  may  arise 
here  for  other  derivatives  such  as,  Cm^,  Qnq,  C/p,  and  Chj~.  In  all 
cases  cauticn  should  be  used  in  dynamic  analysis  bookkeeping  to  avoid  a 
double  entry  of  power  effects  when  thrust  coefficient  terms  are  included. 

Induced  flow  effects  are  more  difficult  to  assess.  A  successful 
prediction  method,  if  test  data  on  similar  vehicles  are  available,  is  to 
plot  a  nondimens ionalized  contributor  against  the  inverse  of  the  blowing 
coefficient  as  illustrated  in  Figure  §a.  Since  all  the  factors  in  the 
power- speed  relationship,  1/C *  qS/Tpg,  are  known  and  q  is  a  function 
of  velocity,  a  graphical  differentiation  when  corrected  by  the  appropriate 
constants  will  yield  the  desired  change  in  forward  velocity  derivation 
due  to  induced  flow  power  effects  for  that  component.  The  total  deriva¬ 
tive  is  naturally  the  summation  of  411  such  contributing  components. 
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8.1.2  CHANGE  IN  ANGLE  OF  ATTACK  DERIVATIVES 


Cx**  Qnac."  Power  effects  on  these  derivatives  can  be  determined 

directly  using  prediction  methods  shown  in  Sections  3,  4,  and  5.  Of  the 
contributing  factors,  Cl^,  Cp^,  and  Gn^,  the  first  two  normally  exhibit 
a  substantial  positive  increase,  while  the  last  (Qn oc^  onty  3  small> 
almost  negligible  positive  amount. 

8.1.3  RATE  OF  PITCH  DERIVATIVES 

Cxq  -  This  derivative  results  basically  from  the  increase  in  hori¬ 
zontal  tail  drag  due  to  pitching  about  the  center  of  gravity.  Since  it  in 
itself  is  small  and  for  first  approximations  set  to  zero,  power  effects 
are  also  assumed  small  and  should  be  neglected. 

CZq»  Qnq  *  The  horizontal  tail  is  again  the  main  contributor  to  both 
of  these  derivatives.  In  STOL  (low  speed)  flight  it  is  basically  the  effect 
of  tile  curved  flight  path  which  increases  the  horizontal's  angle  of  attack 
producing  a  negative  CZq  and  Cmq  (pitch  damping) .  Correlation  of  predic¬ 
tion  methods  and  test  data  is  difficult  since  results  are  always  combined 
with  linear  acceleration  CU)  derivatives.  It  is  reasonable  to  assume, 
however,  that  the  theoretical  horizontal  tail  contributions  of; 


still  hold  and  estimations  can  thus  be  made  knowing  the  variation  of 

CL(*  or/and  qH/q  with  power. 

M  n 

8.1.4  LINEAR  ACCELERATION  DERIVATIVES 

Cx^  -  As  in  the  rate  of  pitch  case,  resulting  drag  increases  are 
usually  neglected  in  this  derivative  since  they  are  small  in  comparison  with 
that  of  the  total  aircraft  and  power  effects  would  thus  be  even  a  smaller 
contribution. 
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CZ£  ,  Cns^  -  Predictions  similar  to  those  in  the  rate  of  pitch 
derivatives  can  oe  made  for  the  theoretical  horizontal  tail  contribution. 
Tlie  potential  for  error  in  estimating  these  derivatives  is  increased 
due  to  the  additional  9 £/3cC  variation  frith  power  factor 
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8.1.5  LONGITUDINAL  CONTROL  DERIVATIVES 

CX«fe  -  This  frequently  neglected  derivative  is  of  little  significance 
in  longitudinal  calculations.  The  power  effects  on  it  are  of  even  less 
significance  and  should  therefore  also  be  neglected. 

CZ^fe.  Cmie  *  Power  effects  on  these  derivatives  are  readily  deter¬ 
mined  knowing  the  variation  of  horizontal  tail  effectiveness  with  power 
through : 
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8.2  POWER  EFFECT  ON  LATERAL-DIRECTIONAL  DERIVATIVES 


8.2.1  CHANGE  IN  SIDESLIP  DERIVATIVES 


Cfyg  -  The  major  portion  of  the  total  derivative  comes  from  both  the 
vertical  tail  and  fuselage,  in  an  approximately  even  magnitude,  for  the 
vehicles  investigated.  As  normally  the  case,  an  almost  negligible 
contribution  comes  from  the  wing;  flaps  un  or  down.  Power  effects  on  this 
derivative  are  small.  The  increase  (a  larger  negative  value)  is  attri¬ 
buted  to  the  increased  flew  generated  by  the  engines  and  can  be  approx- 
mated  by  the  velocity  ratio  at  the  vertical  tail. 
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Large  variations  and  even  sign  changes  in  this  derivative  can  occur  at 
lew  sideslip  angles  due  to  the  vortex  formed  at  the  fuselage -wing- leading 
edge  flap  junction  sweeping  across  the  vertical  tail.  Caution  should  be 
exercised  in  interpreting  test  data  with  minimal  points  near  the  axis 
( +4°)  or  other  angles  formed  by  extending  similar  -discontinuities  through 
the  vertical  tail. 


C'£^  -  With  the  main  contribution  of  this  derivative  coming  from  the 
wing,  variations  due  to  power  appear  to  be  dependent  on  engine  placement. 
Configurations  with  clustered  engines  or  those  causing  a  definite  bulge 
in  the  wing  lift  distribution  (with  a  trough  across  the  fuselage)  tend  to 
produce  negligible  power  effects,  occasionally  even  decreasing  the  dihedral 
effect  (positive  AC/^  pwr) .  However,  vehicles  with  spread  engines 
that  tend  to  increase  the  lift  distribution  elliptically  with  power 
application  exhibit  the  expected  increase  in  dihedral  effect.  Standard 
handbook  methods,  such  as  DATCCM,  which  relate  )WIN(-  bo  lift 

coefficient,  taking  into  account  the  proper  sweep  and  aspect  ratio  fac¬ 
tors,  seem  adequate  for  preliminary  predictions. 

Cryg  -  Contrary  to  non-STOL,  unblown  flan  configurations  where  this 
derivative  is  primarily  the  balance  between  the  large  'fuselage  and  verti¬ 
cal  tail  contributions,  the  wing  is  the  predominant- factor  with  power 
application.  The  power  effects  on  the  vertical  tail  contribution  may  be 
neglected  for  first  order  approximations  or  increased  by  the 
ratio  if  desired.  Theoretical  prediction  methods  for  the  power  effects 
on  the  wing  contribution  to  C  need  further  investigation.  Fair 
correlation  has  been  obtained  by  modifying  the  expression  from  DATCCM  for 
power-off  (Cn,,  )5  wing  by  the  factor  (1+Cu)1/2.  The  power-off  term  from 
DATCCM  is: 


(&Cryo) 
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l  2  8  CO  c  A  / 


8.8 


where  x  .is  the  distance  from  the  moment  reference  (usually  c.g.)  to  wing 
a.c.,  positive  aft. 

Another  area  .which  requires  further  investigation  is  the,  variation  of 
yawing  moment  with  asymmetric  power.  While  only  minor  effects. on  Cnfi 
have  been  noted,  a  large  sidewash  appears  to  exist  with  inboard  engine 
failure  due  to  change  in  the  pressure  field  aft  of  the  wing.  This  causes 
the  inboard  engine  out  case  to  be  critical  in  yaw  and  nay  pose  several 
design  problems. 
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8  • .  2  RAfls  OF  ROLL  DERIVATIVES 


Cyp  *  This  derivative  is  of  very  Httle  significance  in  lateral- 
directional  dynamics  and  is  frequently  neglected  in,  calculations.  The 
small,  garbled  (sons times  negative,  sometimes  positive)  power  effect  seen 
in  available  test  data  tends  to  corroborate  data  shown  in  Figure  7.1.2.1-3a 
of  DATCCM.  Assuming  the  major  power  effects  are  contributed  by  the  wing, 
this  figure  indicates  that  for  aspect  ratios,  sweeps,  and  taper  ratios 
typical  of  STOL  configurations  the  Cyp/QL,  ratio  is  very  close  to  zero  and 
could  very  well  be  either  positive  or  negative  defending  on  the  specific 
configuration. 

C/p  -  This  derivative,  quite  important  in  lateral  dynamics  in  roll 
damping,  stems  basically  from  the  wing  and  is  thus  highly  effected  by  power 
especially  at  high  angles  of  attack  as  indicated  by  test  data.  While  the 
theoretical  analysis  given  by  Thomas  and  Ross,  in  Reference  (19),  shows 
the  damping- in-roll  to  increase  linearly  with  Cj  and  be  independent  of 
angle  of  attack,  a  good  analogy  exists  with  the  blown  flap.  It  is 
suggested  that  the  methods  of  this  report  be  used  for  preliminary  designs 
if  similar  configuration  test  data  are  unavailable. 

Cnp  -  The  major  power  effect  contribution  to  this  derivative  arises 
from  the  wine.  It  is  neeative  ana  directly  proportional  to  toe  lift 
coefficient.  The  secondary  contribution  from  the  vertical  tail  may  be 
positive  or  negative  depending  on  geometry  and  angle  of  attack.  However, 
since  its  isolated  contribution  is  greatly  altered  by  the  complex  sidewash 
produced  by  the  rolling  wing  and  it  is  only  the  small  change  in  this  side- 
wash  which  is  affected  by  power,  prediction  of  this  secondary  contribu¬ 
tion  does  not  seem  warranted. 

Power  effects  on  this  derivative  are  fairly  important  due  to  the 
influence  on  dutch  roll  damping.  High  power  settings  have  been  seen  to 
double  the  negative  value  of  this  derivative  which  is  not  desired  since 
it  represents  a  reduction  in  dutch  roll  damning.  With  present  day  stability 
augmentation  systems  normally  providing  a  Cnp  feedback,  it  becomes  more 
important  to  predict  the  power  effects  for  the  determination  of  gains  and 
closed  loop  analysis. 

CnD  approximations  can  be  obtained  by  first  determining  the  power  off 
derivative  and  then  applying  a  (CV^C^sin  0)/CLpo  correction.  The 
theoretical  reversal  shown  in  Reference  (19)  has  not* appeared  in  test  data 
investigated. 
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8.2.3  RATE  OF  YAW  DERIVATIVES 

Cy^  -  Power  effects  on  this  relatively  unimportant  derivative  are 
small  and  probably  arise  from  augmentation  of  the  sidewash  produced 
through  rotation  at  the  vertical  tail.  As  it  is  common  practice  to  neg¬ 
lect  this  derivative  in  calculations,  it  is  assumed  that  these  minor  power 
effects  are  of  even  less  importance  and  may  thus  also  be  .neglected. 

C£y  -  Only  very  minor  power  effects  have  been  noted  in  all  test  data 
surveyed,  so  it  is  concluded  that  power  effects  are  negligible. 

Cnp  -  In  general  terms,  power  effects  improve  this  derivative  (pro¬ 
vide  larger  negative  values),  which  is  the  main  contributor  to  dutch  roll 
damping  and  hence  an  important  factor.  However,  various  attempted  predic¬ 
tion  methods  have  yielded  only  mediocre  results.  Since  the  vertical  tail 
is  by  far  the  largest  contributor  to  the  total  derivative,  wing- fuselage - 
leading  edge  flap  vortex  interference  effects  are  probably  playing  an 
important  role.  It  is  suggested  that  if  similar  configuration  test  data 
are  unavailable,  the  unpowered  Cnr  predictions  be  increased  by  the  dynamic 
pressure  ratio,  q^/q  .  The  experimental  data  available  show  values  of 
Cnr  at  high  power  settings  of  130  percent  of  the  power-off  value. 

8.2.4  LATERAL  ACCELERATION  DERIVATIVES 

CYg,  CU  ,  Cn^  -  These  derivatives  are  extremely  difficult  to  esti¬ 
mate  or  extract  from  test  data  regardless  of  power  effects.  If  for  some 
particular  reason  these  derivatives  cannot  be  neglected  and  a  method  is 
available  for  power-off  estimation,  then  the  power  effects  can  be  assumed 
proportional  to  the  dynamic  pressure  ratio,  q^/q^  ,  since  these  deriva¬ 
tives  are  a  direct  function  of  tire  sidewash  time  lag. 

8.2.5  LATERAL -DIRECTIONAL  CONTROL  DERIVATIVES 

It  is  necessary  to  evaluate  each  particular  control  system  in  its 
own  realm.  Since  one  engine- flap-aileron  relationship  will  have  a 
different  lift  distribution  variation  with  power  than  another  combination 
etc.,  a  detailed  discussion  is  not  relevant.  In  general,  power  effects 
on  conventional  surfaces,  those  not  directly  impinged  unon  bv  engine  thrust, 
are  small  when  compared  to  large  forces  produced  by  these  surfaces  through 
double  hinges  and  other  means.  Neglecting  the  power  effects  thus  seems 
reasonable  and  conservative  in  preliminary  design  work. 


118 


, 


Section  IX 
SAMPLE  CALCULATIONS 

A  machine  program,  in  Fortran  IV,  is  given  in  the  appendix  for  the 
calculation  of  lift,  drag,  and  pitching  moment,  using  the  methods  des¬ 
cribed  in  previous  sections .  The  required  input  items  and  the  output 
items  are  tabulated  below. 


INPUT 


L 

e 

(CL)B 

(Cm)B  vs  DC 
t/c 

57$ 

CDf 

A 

dj 

(ACd)d 

(CLmax)B 

(0Wb 

CR 

c 

^REF'xLEc* 

CF 

xref-xlec’ 

CF 

xREF'xLEcf 
Al\ R 


omwr  vs 
m  oc 

cl 

CLMAX 

CD 

On 

CdCL)e 

ACL/4  oc 

Ci)i 

CdCL^oc 
CdCL  )r 
(ACuORrEF 

(ACmX’REF 
(A  Cm)®QlEF 
(dfiaJRD 

*\Cf* 

“MAX 


The  results  of  three  test  cases  are  presented  in  Figure  65 
comparing  estimated  versus  test  data.  One  case  is  from  the  current 
NR-STAI  test,  Reference  (13),  of  a  model  with  A  ■  7,.A_«  24°,  with  full 
span  flaps.  The  other  case,  selected  to  illustrate  a  wide  variation  in 
configurations,  is  from  Reference  (14)  of  a  model  with  A  »  7,7\»  0#. 
and  75  percent  flap  span,  The  third  illustrates  triple  slotted  flaps . 

A  sample  calculation  using  manual  methods  is  given  below,  using  the 
same  test  case  from  Reference  (13)’  as  used  in  the  sample  machine 
calculation  case. 

A  listing  of  test  cases  used  in  development  and  substantiation  of 
these  methods,  identifying  the  source  of  the  data,  is  shown  in  the  table 
following  this  section. 


SAMPJLE  CALCULATION 


Geometric  data: 

A  -  7 

-A..25C  -  24° 

TVpe  of  flap  *  double  slotted 
Flap  span  »  1001  wing  span 
S7S  •  X*  .85 
t/c  *  .125 
*  18° 
dp  »  56° 

Zf/R  >  1.0 
c  -  15.5 

XREF  *  »  »  6.6 

XREF  *  -25c 
Cr  *  14.6 

xref  -  x^t  *  3.9 
Cp  i*  19*6 
tk  *  4.7 

Power-off  wind  tunnel  data  -  or  estimated  power-off  data: 

(aM&{)B  ■  !S 0 
(ClTb  -  2.25 

(CLMAx)B  “  3.35 
Cr£v\U5 

(ACd)r  c  neglected  for  wind  tunnel  data  comparisons 
(Qn)B  “  ’*95  at  oC  =  -5° 

-  .95  at  eC  *  0° 

-  .86  at  oC*  10° 

Calculations : 

6/cTf  *1.0  from  Figure  6 
8  *  (  ^F)(8/dF>  *  56° 

*  .76  from  Figure  11 


rfy  -  r\ (S/S’) 

F  ,  from  Figure  13  at  ^C'p, 

W  ,  from  Figure  18  at  *\C'p. 
(Kl/36)^  ,  Figure  16  at  ^ Cy 
( 9  CL/  3cC)  qo  *  Figure  16  at  r^C'p, 
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Calculations  -  Continued 


(4CL)g  -  F(ln/c)  XOCL/a®)^  sin  6 
ciocm  F(ln/c)  V^OCL/3flC)oo 
(AO)p  -  (ACL)e  -  sin  8 
CL0  *  (Cl)B  *  (ACL)g  -  Cp  sin 

fc~  -  cjM.  M 


PL  i-frM) 

—  C/j,  S»n  £y 

Ac<max  * 


XaQ 


LoC 

-  (ClKAX  )Fo  ^^)pQM^Q 

(CLoi)po 
°^MAX  MAX)^+  AXMAX 


'«c  -  CL  (oC/57.3)  at«c- 


(ACl) 

CL  -  Clq  ♦  CAC^ 
^  sin  (8+«C) 

CL  -  rjCj*,  sin  (8*ot) 


-5* 

0* 

10* 

atoC-  >5* 
0* 

10* 

at«C*  -5* 
0# 
10* 

at  fO  -s# 
0* 

_  _  10* 
QH  “  pL  “  P\Ci*.  sin  (8hc$ 

- trrA  - ‘toe:-  -s* 

0* 

(at i  'i  -  _  Adi  fVe.)  XltoC  10* 

•  v*8  at  «C  »  -s* 

“  0  at  «C  •  0 

•  .96  at  oC  •  10* 

at  oC-  -5* 
0* 

10" 


*\C  fA.  COS  (0-»«c) 

Stigrs: 

\io‘ 


i 

2.22 

6.72 

1.59 

4.16 


** 

3.21 

7.65 

2.02 

4.91 


5.87 


7.16 


3.57 


18.57i 

-i  59 
0 

11.17 
3.57 
4.16 
5.33 
.59 
.63 
f  .69 
E2.98 
(3.53 
94.64 

.405 

.569 

.910 
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.479. 

.425 

.309 

.971 

.219 

.116 


5.78 


20.78 

-.67 

0 

1.34 

4.24 
4.91 

6.25 
1.18 

1.26 
1.39 
3.06 
3.65 
4.86 

.426 

.608 

1.08 


.906 

.850 

.618 

-.335, 

-.095 

.605 


■  fr_T7rv’>V.-  f 


Calculations  -  Concluded 

(?R  '  (XREF  -  xLE.cOj  /C  *  .408 

(AOn^p  «  -  ^C^sin  8  [cR-  (xref-xi^c’)]  /Z 

(AQnjpREp  » 

Xgp/cp  =  .25  -  .01  rjCpi 
(Xqp/^p)  (Cp/O  *  (xREF“xI^ECp)/^ 


CdCm)pD  3  "  CACd)r  A^r/c 


Cm  3  (0n)B  +  (AChOr  +  (AC^p  ♦  (ACm)* 


at  oC  s 


3 

-.97 

-.94 

.23 

.05 
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Figure  65  (a) .  Comparison  of  EstiMttd  and  Experimental  Results 
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Figure  6S  (b).  Conparison  ox  Estimated  and  Experimental  Result* 
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DEFINITION  OF  TEST  CASES 


CASE 

REF. 

FIG. 

-A.  c 

4 

A 

% 

SPAN 

FLAPS 

NO. 

FLAP 

SLOTS 

NOMINAL 

FLAP 

ANGLE 

NOZ. 

ANGLE 

OR 

DEFLEC. 

2a 

13 

7 

24 

7 

100 

2 

25/50 

15° 

lb 

13 

8 

24 

7 

100 

2 

35/60 

15° 

Id 

13 

18 

24 

7 

100 

3 

2.5/20/45 

15° 

If 

13 

20 

24 

7 

100 

3 

2. '5/30/55 

15° 

2a 

13 

74/75 

24 

7 

100 

2 

25/50 

-15° 

6a 

13 

104 

24 

7 

100 

2 

25/50 

0° 

9a 

13 

97/98 

9.33 

8 

100 

.it 

25/50 

15° 

10a 

13 

97/99 

30 

6.6 

100 

2 

25/50 

15 a 

11a 

13 

139/140 

24 

10 

100 

2 

25/50 

15° 

14a 

13 

129 

24 

*■» 

/ 

75 

2 

25/50 

15° 

21a 

14 

13 

0 

7 

100 

2 

27.5/55 

0 

22a 

14 

14 

0 

7 

75 

2 

27.5/55 

0 

23a 

14 

15 

0 

5.25 

100 

2 

27.5/55 

0 

91a 

22 

12a 

25 

7.84 

50 

0 

30 

-10° 

61a 

9 

8a 

25 

7 

75 

2 

20/60 

0 

24a 

14 

10 

0 

7 

100 

2 

17.5/35 

0 

25a 

14 

11 

0 

7 

.  75 

2 

17.5/35 

0 

51a 

5b 

24 

7.75 

100 

2 

30/60 

NAC  3° 

71a 

8b 

24 

7.75 

100 

2 

20/40 

Defl. 

31a 

7 

24 

7.23 

100 

3 

25/10/50 

3° 

51c 

16 

24 

7.75 

100 

2 

30/60 

3° 

5  Id 

2 

17 

24 

7.75 

100 

2 

20/40 

3° 

101 

4 

12 

24 

7.75 

75 

2 

30/60 

3° 

102 

e 

13 

24 

7.75 

75 

2 

30/60 

3° 

103 

4 

14 

24 

7.75 

75 

_ 

2 

_ 

30/60 

3° 
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INTRCDUCTION 


Aerodynamic  characteristics  of  externally  blown  flaps  are  calculated 
by  the  program,  The  design  compendium  develops  an  analytical  approach 
upon  which  the  program  is  based. 

The  simple  nature  of  the  program  means  very  little  computer  time  is 
used.  Fortran  code  was  written  to  be  easily  understood  and  revised  in 
support  of  analytical  development. 
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PROGRAM  OPERATION 


case  JotZlyS’1  tfter  toZZL'*  *°  *? ?Ve  “rds  each 

^rf°Sd  f0ll0^d  by  the  pointed  £4  ^hifo^ut**  ^utations  ■»' 

SeleZet  “ 

different  angles  of  attach  ani  ten  di^™7je“  “cSclenZ 

taetta  "utj^.^rsz  rostine  rin 

subroutine  is  replaced  by  a  dumny  routSe.  ^  OT  removed  or  **« 
ANALYTICAL  METHODS 
LIFT  FORMULATIONS 

Input  data  for  lift 

ch  ,  A  or  $ys  , a  -  A,  Vc,  ©  ,  oc/c^g 
Jet  momentum  coefficient  based  on  effective  wing  area 
Cm.'  =  -  C £ 


J’r^t 


TWO  dimension  gradient  of  lift  with  jet  deflection  angle 

^LsX>  =  +MCA  (i+a*^ 

Two  dimensional  lift  curvre  slope 

CCLot)oo=  2w['  +  o.i5/(acp)'4+o.*i<i^cA 


(Eq.  i) 


(Eq.  2) 


Lift  curve  slope  correction  for  partial  span  blowing 

' + a  -  -f)  - a  * 


Aspect  ratio  correction  factor 


A+*  zri  Cu 


Cc^  ocr)  oo 


(Eq.  3) 


(Eq.  4) 


A  +  1  7  °**O40{c/5fcr  0.874 


(Eq.  5) 
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Incident  of  lift  coefficient  due  to  circulation  due  to  power 


(*CL)r  -[(j^/c)  F  A  (CLe)^”  sm© 


CEq.  6) 


Gradient  of  lift  due  to  angle  of  attack 


-=•  =  [f^Vc)  CCuoc)^ 


CEq.  7) 


Increment  of  lift  due  to  angle  of  attack,  power  on 


(ACj)oc  =  CnCi-A0C)  °C  OBCJ.  8) 

Increment  of  lift  due  to  jet  turning 

(a  C  u)a  =  [C^)  f  x  (Cl .•)*-  1c^]sm©  +  ijC^ne 

s  ^  Op-  6 in  9  (Eq.  9) 

Total  lift  coefficient 

CL  =  (CL)#  +  (a  CL)e  +  (ACl)cC  -  Cr  Sin  <Tt  »«•  10> 


(Eq.  9) 


Total  lift  coefficient 


Maximum  lift  coefficient 


Tp  f1'15 


fCte!PL 


a  -0  0'«] 


*  'VB 


*■  ^MCU 


i  -4f  a-« 


C/isin8T 


(Eq.  11) 


Maximum  angle  of  attack 


,  s  ('C4lAX^PL  "  (CL^-0  (ClMAX}B  ’  ^B.Ot-0  - 

aMAX  "  ^MAX  B  +  - - -  <&’  12) 


DRAG  POPULATIONS 


Input  data  for  drag 


n,  Cu>  $,  a,  A,  UCjPft,  Cjj 


from  lift  calculations 


iv-ftV 


SSSjattMMB 


Coefficient  of  drag  due  to  lift 

-  [Cu  ~  1  Cp.  Sm  (s  +<*)! 

tr  A 


Cdi 


(Eq.  13) 


Total  drag  coefficient 

Cd  •  Ccf  +  Cd^  ~  n.  C ^  COS  Ce+oC)  +  (4Ci>)R  (Eq.  14) 


PITCHING  MXgNT  JOWlUUTIONS 

Input  data  for  pitching  moment 

*1  j  Ch;  'XiVlj  VC  f.  jZf>£  ,(y«6F-X  lJL.C^^C^  , 

;CR>CXfteF~*C.E,cO 

^‘-oc^oo  ,  (ACL)r  t  frcm  lift  calculations 

Center  of  pressure  of  additional  load  due  to  angle  of  attack 

Xc.p.  ~  Qts  -.OI  ZF  (Eq-  15) 


Increment  of  lift  due  to  angle  of  attack  due  to  power 


(Eq.  16) 


Pitching  moment  coefficient  of  power  effects  on  lift  due  to  angle  of 
attack  about  the  moment  reference  center 


(Eq.  17) 


(aC*>*kc.-=_(aC0, 


po 


•Xc.p. 


£f  j  _  /  XRE.F  ~XLiE,Cf 


Pitching  moment  coefficient  of  ram  drag  about  the  monent  reference 
center 


(ACm)RD  =  “  (AC£>)r  cR 
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(Eq.  18) 


ahoutPth?i!Lin?menl  *********  to  circulation  lift  due  to  power 
aoout  the  moment  reference  center  r 

(^c"0„  =  ^clV  r 


,fW  ^Cl^[ccu) 

where  (QrOg  is  about  moment  reference. 


a 


(Eq.  19) 


oc  =o 


reference^cent«,'tent  coefficlent  due  *°  Jet  reaction  about  naxtent 


Mk«,‘ 

Total  pitching  moment  coefficient 


*ftrr-*L,£.,c* 
c 


(Eq.  20) 


cm  =  Cc^}B+(ACrn)R+(ACm)P+(4Cm)^^A;m)W)CEq 


21) 
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NOMENCLATURE 


SYMBOL 

FORTRAN 

DESCRIPTION 

NAME 

A 

A 

<*b 

ALPHA 

oC 

ALPHAR 

r 

CBAR 

tf 

CBARF 

CD 

CD 

Q)f 

CDF 

CDi 

CDI 

CL 

CL 

CLAI 

CLB 

CLMAX 

CLMAX 

w 

CLMAXB 

CLTI 

On 

04 

(QiOb 

CMB 

^Bec*b 

CMBAO 

CH- 

(MJ 

c£ 

CMUP 

CR 

CR 

(ACd)r 

DCDR 

(AQW 

DCLA 

ACl/AoC 

OCLDA 

(frCL)p 

DCLG 

AClmax 

DCLMAX 

<&CL)e 

DCI.T 

DCMA 

(AQn)f  REF 

DCMG 

(AQti)RRgp 

IXMR 

Aspect  Ratio 
Angle  of  Attack,  Degrees 
Angle  of  Attack,  Radians 
Mean  Aerodynamic  Chord  of  Wing 
Mean  Aerodynamic  Chord  of  Wing  with  Flaps 
Extended 

Total  Drag  Coefficient,  Power  On 
Minimum  Drag  Coefficient  Extrapolated  to  Zero 
Lift 

Coefficient  of  Drag  Due  to  Lift 
Total  Lift  Coefficient 
Two  Dimensional  lift  curve  slope 
Total  Lift  Coefficient,  Power  Off 
Maximum  Lift  Coefficient 
Maximum  Lift  Coefficient,  Power  Off 
Two  Dimensional  Gradient  of  Lift  with  Jet 
Deflection  Angle 

Total  Pitching  Moment  Coefficient 
Total  Pitching  Moment  Coefficient,  Power  Off 
Total  Pitching  Moment  Coefficient,  Power  Off 
Zero  Angle  of  Attack 

Jet  Momentum  Coefficient,  or  Thrust  Coefficient 
Jet  Momentum  Coefficient  Based  on  Effective 
Wing  Area 

Chordwise  Distance  from  Intersection  of  Jet 
Reaction  Vector  with  Reference  Plane  to 
Leading  Edge  of  Chord  at  Thrust  Centerline 
Ram  Drag  Coefficient 

Increment  of  Lift  Due  to  Angle  of  Attack 
Gradient  of  Lift  Coefficient  with  Angle  of 
Attack 

Increment  of  Lift  Coefficient  due  to  Circula¬ 
tion  IXie  to  Power 

Increment  in  Maximum  Lift  Coefficient  due  to 
Power 

Increment  of  Lift  Coefficient  due  to  Jet 
Turning 

Pitching  Moment  Coefficient  of  Power  Effects 
on  Lift  IXie  to  Angle  of  Attack  About  the 
Moment  Reference  Center 
Pitching  Moment  Coefficient  due  to  Circulation 
Lift  Due  to  Power  About  the  Moment  Reference 
Center 

Pitching  Moment  Coefficient  due  to  Jet  Reaction 
About  Moment  Reference  Center 
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NOMENCLATURE 


symbol 

FORTRAN 

NAME 

DESCRIPTION 

C^Cm^RD 

DCMRD 

Pitching  Moment  Coefficient  of  Ram  Drag  About 
the  Moment  Reference  Center 

fACL)0c90 

DDCLPO 

Increment  of  Lift  due  to  Angle  of  Attack  due 
to  Power 

\£r 

DLR 

Moment  Arm  of  Ram  Drag  about  Moment  Reference 
Center 

^£t 

i? 

DLT 

Moment  Arm  of  Thrust  about  Moment  Reference 
Center  Positive  if  Nozzle  Axis  is  below 

Moment  Reference  Center 

DT 

Thrust  Incidence  Angle,  Degrees 

DTR 

Thrust  Incidence  Angle,  Radians 

AXf 

DXF 

Chordwise  Distance  from  Moment  Reference 

Center  to  Flap  Mid-Chord 

axG 

DXG 

Chordwise  Distance  from  Moment  Reference  Center 
to  Leading  Edge  of  Mean  Aerodynamic  Chord 
of  Flapped  Wing  Area 

AXr 

DXR 

Chordwise  Distance  from  Moment  Reference 

Center  to  Leading  Edge  of  Chord  on  Thrust 
Centerline 

n 

ETA 

Jet  Turning  Efficiency 

F  , 

F 

Aspect  Ratio  Correction  Factor 

Xor  S/S 

LAMDA 

Area  Ratio,  Flapped  Wing  Area  to  Total  Wing 

Area 

NA 

Number  of  Alpha  Values 

NC 

Number  of  Oil  Values 

*> 

NU 

Lift  Curve  Slope  Correction  for  Partial  Span 
Blowing 

T f 

PI 

Ratio  of  Circumference  of  a  Circle  to  its 
Diameter 

t/c 

TC 

Airfoil  Thickness  Ratio 

%) 

THETA 

Jet  Turning  Angle,  Degrees 

0 

THETAR 

Jet  Turning  Angle,  Radians 

TITLE 

Title  of  Case 

Xcp 

XCP 

Center  of  Pressure  of  Additional  Load  due  to 
Angle  of  Attack 
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